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ABSTRACT 

Studies  aimed  at  understanding  the  role  of  the  interphase  in  providing  a  nonlinear  response  in 
oxide  composites  are  described.  Debonding  and  sliding  of  single  crystal  and  eutectic  oxide 
fibers  coated  with  La-monazite  caused  intense  plastic  deformation  of  the  LaP04  at  room 
temperature.  Such  plastic  deformation  mechanisms  could  be  critical  for  preventing  the 
development  of  very  high  stresses  during  constrained  sliding  of  rough  interfaces.  A  new  class 
of  machinable  two-phase  ceramics  based  on  the  debonding  and  deformation  characteristics  of 
rare-earth  phosphates  was  demonstrated.  Multilayered  composites,  consisting  of  various 
zirconia-based  materials  alternating  with  layers  of  LaPC>4,  were  fabricated  for  studies  of 
compatibility  and  debonding  mechanisms.  The  stability  of  La-monazite  in  high-temperature 
water-containing  environments  typical  of  combustion  gases  was  demonstrated.  Mechanics 
analyses  were  developed  for  debonding  along  an  irregular  interface  and  for  sliding  at  closed 
cracks  with  friction  at  their  surfaces 
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1.0  Summary 


Our  aim  in  this  contract  was  to  gain  a  basic  understanding  of  the  design  requirements  for 
interphases  in  weakly  bonded,  high  temperature  ceramic  composites:  the  mechanisms  and 
mechanics  of  debonding;  and  the  roles  of  various  microstructural  parameters  that  affect  the 
debonding  mechanism  and  the  resulting  bridging  traction  law  (which  is  the  constitutive  relation 
that  determines  the  macroscopic  stress-strain  response  of  the  composite).  We  seek  to 
understand  the  role  of  the  interphase  in  providing  a  nonlinear  response  after  the  initiation  of 
debonding:  What  are  the  optimum  debond/damage  mechanisms?  How  do  we  control  debonding 
and  damage  by  microstructural  design? 

The  work  focused  on  oxide  composites,  which  address  the  Air  Force  need  for  high  temperature, 
oxidation-resistant  components  for  hot  structures,  thermal  protection  systems  for  space  re-entry 
vehicles,  gas  turbine  engines,  and  rocket  engines.  Oxides  have  the  clear  advantage  over  non¬ 
oxide  composites  in  that  they  are  stable  in  oxidizing  conditions  and  thus  do  not  need  protective 
coatings.  However,  their  development  is  far  less  mature:  advances  are  needed  in  developing 
interphases  that  give  the  desired  constitutive  response  and  in  developing  suitable  methods  for 
fabricating  the  composites. 

Results  from  the  work  are  described  in  sections  3  to  11.  Some  of  the  key  results  are  as  follows: 

(1)  Debonding  and  sliding  mechanisms  were  studied  in  model  composites  consisting  of  fully 
dense  A1203  matrices  with  LaP04-coated  single  crystal  and  eutectic  oxide  fibers  with  varied 
interface  topologies  and  residual  stresses.  These  studies  showed  that  LaP04  is  compatible  with, 
and  enables  debonding  at  all  of  the  fibers  (A1203,  YAG,  Zr02,  and  mullite).  They  also  revealed 
that  sliding  of  these  fibers  causes  intense  plastic  deformation  of  the  LaP04  coating  by  twinning 
and  dislocation  motion  at  low  temperatures  and  that  these  plastic  deformation  mechanisms 
could  be  critical  for  preventing  the  development  of  very  high  stresses  during  constrained 
sliding  of  rough  interfaces  in  oxide  composites. 
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(2)  During  the  initial  debonding  of  the  fibers  and  coating  in  the  above  experiments,  the  debond 
cracks  were  found  to  follow  the  interface  faithfully,  even  when  cusps  due  to.  grain  boundary 
diffusion  existed  at  the  interface.  A  mechanics  analysis  was  developed  to  define  conditions  that 
allow  a  debond  crack  to  follow  an  irregular  interface  rather  than  deflect  into  the  fiber  coating. 
The  analysis  extends  the  earlier  classical  work  of  He  and  Hutchinson  on  debond  criteria. 

(3)  The  stability  of  LaP04  systems  in  high-temperature  water-containing  environments  typical 
of  combustion  gases  was  demonstrated.  Reactions  were  found  from  volatile  species  originating 
from  silica  and  alumina  furnace  tubes;  in  the  case  of  alumina  a  very  thin  protective  layer  of 
lanthanum  aluminate  formed  on  the  surface.  However,  no  reactions  were  detected  with  the 
water  vapor. 

(4)  A  new  class  of  machinable  two-phase  ceramics  based  on  the  debonding  and  deformation 
characteristics  of  rare-earth  phosphates  was  demonstrated.  These  materials  have  application 
temperatures  more  than  600°C  higher  than  those  of  existing  glass-ceramic  machinable  ceramics. 
Potential  applications  for  the  Air  Force  would  include  high  temperature  abradable  seals. 

(5)  Multilayered  composites,  consisting  of  various  zirconia-based  materials  alternating  with 
layers  of  LaPC>4,  were  fabricated  for  studies  of  compatibility  and  debonding  mechanisms. 
Mechanisms  responsible  for  damage  tolerance  were  identified:  these  included  distributions  of 
characteristic  microcracking  within  the  LaPC>4  layers,  as  well  as  debonding  at  the  layer 
interfaces. 

(6)  An  analytical  mechanics  analysis  was  developed  to  obtain  the  stress-strain  response  of  a 
body  containing  closed  cracks  with  friction  at  their  surfaces.  The  resultant  nonlinear  stress- 
strain  curves  exhibit  cyclic  hysteresis  linked  to  microstructural  variables.  The  analysis  offers 
the  prospect  of  accounting  for  fatigue  properties  of  composites,  via  attrition  of  the  frictonal 
resistance  at  sliding  crack  surfaces. 
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2.0  Publications,  Personnel  and  Technical  Presentations 

2.1  Personnel 

The  principal  investigator  was  Dr.  D.  B.  Marshall.  Co-investigators  from  Rockwell  Science 
Center  were  Dr.  J.  Davis,  Dr.  P.  E.  D.  Morgan  and  Dr.  R.  Housley.  The  program  benefited 
greatly  from  several  collaborations  at  universities  and  government  laboratories:  collaboration 
funded  from  this  contract  with  Dr.  M.  He  at  UCSB  and  informal  collaborations  with  Dr.  R.  Hay 
at  WPAFB,  Dr.  B.  Opila  and  Dr.  A.  Sayir  at  NASA  Glenn,  Prof.  F.  Lange  at  UCSB,  and  Dr.  B. 
Lawn  at  NIST. 

2.2  Awards 

Sosman  Memorial  Lecture  Award,  1998,  David  Marshall,  from  Basic  Science  Division  of  The 
American  Ceramic  Society  "In  recognition  of  his  outstanding  contribution  to  Ceramic  Science," 
to  Present  Sosman  Memorial  Lecture 

John  Jeppson  Award,  1996,  David  Marshall,  Award  of  The  American  Ceramic  Society  “For 
outstanding  scientific  and  technical  contributions  to  the  field  of  mechanical  properties  of 
ceramics” 

"Shell  Distinguished  Lecturer"  award,  1999,  David  Marshall,  from  Northwestern  University, 

2.3  Publications 

(a)  Published 

Davis,  J.B.,  Marshall,  D.B  and  Morgan,  P.E.D.,  “Oxide  Composites  of  A1203  and  LaP04”  J. 
European  Ceram.  Soc.  19  2421-2426  (1999) 


Morgan,  P.E.D.,  Marshall,  D.B.,  Davis,  J.B.  and  Housley  R.M.,  "The  Weak  Interface  Between 
Monazites  and  Refractory  Ceramic  Oxides,"  in  Computer  Aided  Design  of  High-Temperature 
Materials,  Eds.  A.  Pechenik,  R.  K.  Kalia,  and  P.  Vashishta,  pp  229-243,  Oxford  University 
Press,  New  York,  1999 
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Evans,  A.  G.,  Marshall,  D.  B.,  Zok,  F.,  Levi,  C.,  “Recent  Advances  in  Oxide-Oxide  Composite 
Technology,”  Advanced  Composite  Materials,  8[N1]  17-23  (1999) 

Davis,  J.B.,  Marshall,  D.B.,  Housley,  R.  M.,  and  Morgan,  P.E.D.  "Machinable  Ceramics 
Containing  Rare-Earth  Phosphates,"  J.  Amer.  Ceram.  Soc.  81[8]  2169-75  (1998) 

Marshall,  D.B.,  Morgan,  P.E.D.  and  Housley,  R.  M.,  "Debonding  in  Multilayered  Composites 
of  Zirconia  and  LaP04,"  J.Amer.  Ceram  Soc.,  80[7]  1677-83  (1997) 

S.  M.  Johnson,  Y.  Blum,  C.  Kanazawa,  H-J.  Wu,  J.  R.  Porter,  P.  E.  D.  Morgan,  D.  B.  Marshall 
and  D.  Wilson,  "Processing  and  Properties  of  an  Oxide/Oxide  Composite, "Key  Engineering 
Materials,  Vols.127-131,  pp  231-238  (1997) 

Lawn,  B.R.  and  Marshall,  D.B.,  "Nonlinear  Stress-Strain  Curves  for  Solids  Containing  Closed 
Cracks  with  Friction,"  J.  Mech.  Phys.  Solids,  46[1]  85-113  (1998) 

McNally,  F.  Lange,  F.  F.  and  Marshall,  D.  B.,  "Processing  and  Hardness  of  Single  Crystal 
AI2O3  Films  Containing  Nano-ZrC>2  Inclusions  Produced  by  Chemical  Solution  Deposition" 
Phys.  Stat.  Sol.  (a)  166  231  (1998)  -  Major  part  of  work  supported  at  UCSB  by  contract 
F49620-96- 1-003  (Prof.  F.  F.  Lange);  collaboration  at  Rockwell  supported  by  this  contract. 

(b)  in  preparation 

Davis,  J.  B.,  Hay,  R.  S.,  Marshall,  D.  B.,  Morgan,  P.E.D.,  and  Sayir,  A.,  "The  Influence  of 
Interfacial  Roughness  on  Fiber  Sliding  In  Oxide  Composites  with  La-Monazite  Interphases," 
for  J.  Am.  Ceram.  Soc. 

Davis,  J.  B.,  Marshall,  D.  B.  and  Opila,  B.,  "Stability  of  LaP04  Systems  in  High  Temperature 
Environments  containing  H20  vapor"  in  preparation  for  publication  in  the  Journal  of  the 
American  Ceramic  Society 

M.  He  and  D.  B.  Marshall  "Analysis  of  Debonding  at  Interface  Cusps,"  in  preparation  for 
publication  in  the  Journal  of  the  American  Ceramic  Society. 
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2.4  Technical  Presentations 

a.  Invited 


Sosman  Memorial  Lecture,  “Fibrous  Composites”  by  D.  B.  Marshall,  American  Ceramic 
Society  Annual  meeting,  Cincinnati,  May  1998 

“Recent  Developments  in  Ceramic  Composites”  Shell  Lecture,  Northwestern  University, 
March  1999 

"Interfacial  Adhesion  in  Oxide  Composites,"  International  Symposium  on  Interfaces,  Seville, 
September,  1999. 

"Deformation  and  Fracture  of  Oxide  Composites,"  Symposium  on  Processing,  Microstructure 
and  Properties  of  Exotic  Materials,  Stuttgart,  July  1999. 

"Ceramic  Composites  for  Aerospace."  Seminar,  California  Institute  of  Technology,  May,  1999. 

“Interfacial  Fracture  and  Mechanical  Properties  of  Oxide  Composites”  Third  International 
Symposium  on  Synergy  Ceramics,  Osaka,  Japan,  February  1999. 

“New  Possible  Ceramics  Utilizing  Monazite,  LaP04”  2nd  international  Symposium  on  the 
Science  of  Engineering  Ceramics,  Osaka,  Japan,  September  1998. 

“Oxide  Composites,”  International  Conference:  New  Developments  in  High  Temperature 
Ceramics,  Istanbul,  August  1998. 

“Oxide  composites  containing  La-Monazite,”  International  workshop  on  Oxide-Oxide 
Composites,  Irsee,  Germany,  June  1998. 

“Oxide  Composites,”  International  Workshop  on  Ultra-high  temperature  Ceramics,  University 
of  Colorado,  Boulder,  May  1998. 

"Properties  of  Ceramics,"  National  Materials  Advisory  Board,  Workshop  on  Structural 
Materials  Research  Advancements,  Washington,  March  1998. 

“Design  of  Composites  for  High  Temperature  Oxidizing  Environments,”  International  Meeting 
on  Composites,  Lake  Louise,  Canada,  October  1997. 

"The  Interface  Between  Monazites  and  High  Temperature  Ceramics"  Conference  on  Computer 
Aided  Design  of  High-Temperature  Materials,  Santa  Fe,  July  1997. 

"The  Future  of  Structural  Ceramics."  National  Science  Foundation  Workshop  on  Fundamental 
Research  Needs  in  Ceramics,"  Washington,  June  1997. 
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"Interface  Materials  for  Oxide  Composites"  International  Conference  on  Ceramic  and  Metal 
Matrix  Composites,  San  Sebastian,  September ,  1996,  Plenary  Lecture. 

"Design  and  Properties  of  Multilayered  Ceramic  Composites,"  Third  International  Workshop 
on  Interfaces,  Santiago,  September  1996. 

"Design  of  Interfaces  for  Oxidation-Resistant  Composites,"  Gordon  Research  Conference  on 
Solid  State  Studies  in  Ceramics,  Aug.  1996. 

b.  Contributed 


American  Ceramic  Society  Annual  meeting,  Cincinnati,  April  1998  (2  presentations) 
American  Ceramic  Society  Annual  Meeting,  April  1999 
American  Ceramic  Society  Annual  meeting,  Cincinnati,  April  1997 
Society  of  Engineering  Science,  33rd  Annual  Meeting,  Tempe,  October  1996 
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3.0  The  Influence  of  Interfacial  Roughness  on  Fiber  Sliding  In  Oxide  Composites 

with  La-Monazite  Interphases 

by  Davis,  J.  B.,  Hay,  R.  S.,  Marshall,  D.  B„  Morgan,  P.E.D.,  and  Sayir,  A. 

The  following  section  is  a  draft  of  a  paper  being  prepared  for  publication  in  the  Journal  of  the 
American  Ceramic  Society. 
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The  Influence  of  Interfacial  Roughness  on  Fiber  Sliding 
In  Oxide  Composites  with  La-Monazite  Interphases 


J.  B.  Davis,*  R.  S.  Hay,**  D.  B.  Marshall,*  P.E.D.  Morgan* 

and  A.  Sayir*** 


*  Rockwell  Science  Center 
1049  Camino  Dos  Rios 
Thousand  Oaks,  CA  91360 

**  Air  Force  Research  Laboratory 
Materials  Directorate 
WPAFB,  OH  45433 

***NASA  Glenn  Research  Center  /  CWRU 
NASA  Glenn  Research  Center 
21000  Brookpark  Road 
Cleveland,  OH  44135 

ABSTRACT 

Room  temperature  debonding  and  sliding  of  La-monazite  coated  fibers  is  assessed  using 
a  composite  with  a  polycrystalline  alumina  matrix  and  fibers  of  several  different  single 
crystal  (mullite,  sapphire)  and  eutectic  (AI2O3/Y3AI5O12  and  AI2O3/Y-Z1O2) 
compositions.  These  fibers  provide  a  range  of  residual  stresses  and  interfacial 
roughnesses.  Sliding  occurred  over  a  debond  crack  at  the  fiber-coating  interface  when 
the  sliding  displacement  and  surface  roughness  were  relatively  small.  At  large  sliding 
displacements  with  relatively  rough  interfaces,  the  monazite  coatings  were  deformed 
extensively  by  fracture,  dislocations  and  occasional  twinning,  whereas  the  fibers  were 
undamaged.  Dense,  fine-grained  (10  nm)  microstructures  suggestive  of  dynamic 
recrystallization  were  also  observed  in  the  coatings.  Frictional  heating  during  sliding  is 
assessed.  The  possibility  of  low  temperature  recrystallization  is  discussed  in  the  light  of 
the  known  resistance  of  monazite  to  radiation  damage.  The  ability  of  La-monazite  to 
undergo  plastic  deformation  relatively  easily  at  low  temperatures  may  be  enabling  for  its 
use  as  a  composite  interface. 
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1.  INTRODUCTION 


Rare-earth  orthophosphates  (monazite  and  xenotime)  are  of  interest  for  fiber-matrix 
interphases  that  enable  interfacial  debonding  and  damage  tolerance  in  oxide  composites.1' 
8  They  are  refractory  materials  (LaP04  melting  point  2070°C),  compatible  in  high 
temperature  oxidizing  environments  with  many  oxides  that  are  either  currently  available 
as  reinforcing  fibers  or  of  interest  for  future  development  as  fibers  and  matrices.  They 
are  also  relatively  soft  for  such  refractory  materials  (LaP04  hardness  5GPa).  Studies  of 
several  combinations  of  oxides  and  rare-earth  phosphates  (LaPCVA^C^,  LaPC>4-Zr02, 
CePC>4-Zr02,  YPO4-AI2O3  and  NdP04-Al203)  have  shown  that  the  oxide-phosphate 
interfacial  bond  is  sufficiently  weak  that  debonding  occurs  whenever  a  crack  approaches 
an  interface  from  within  the  phosphate.1,9'11  The  most  detailed  studies  have  involved  the 
LaP04-Al203  system.  Other  studies  have  shown  that  debonding  and  sliding  occurs  in 
fiber  push-out  tests  with  model  composites  consisting  of  LaP04-coated  single  crystal 
fibers  of  AI2O3  and  Y3AI5O12  (YAG)  in  polycrystalline  AI2O3  matrices.1,12 

Damage-tolerant  behavior  in  ceramic  composites  requires  sliding  and  pullout  of  fibers  in 
addition  to  interfacial  debonding.  Recent  calculations  suggest  that  such  pullout  would  be 
strongly  suppressed  in  fully  dense  oxide  composites  by  misfit  stresses  generated  during 
sliding  of  fibers  with  rough  interfaces  or  with  minor  fluctuations  in  diameter.13  For  given 
strain  mismatch,  these  misfit  stresses  are  expected  (assuming  elastic  accommodation)  to 
be  larger  in  high-stiffness  oxide  systems  than  in  non-oxide  composites,  which  typically 
contain  turbostratic  carbon  or  boron  nitride  interphases  with  low  transverse  elastic 
modulus.  However,  the  misfit  stresses  could  potentially  be  reduced  by  plastic 
deformation  of  the  interphase.  The  higher  elastic  modulus  in  oxide  interphases  also 
results  in  larger  residual  thermal  stresses  in  systems  with  matrix  and  fibers  of  different 
thermal  expansion  coefficients. 

In  this  study,  we  investigate  the  debonding  and  sliding  behavior  of  four  La-monazite 
coated  fibers  (single-crystal  alumina  and  mullite,  directionally  solidified  eutectics  of 
AI2O3/YAG  and  AI2O3/Y-Z1O2),  chosen  to  provide  different  residual  stress  states  and 
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interface  topology.  The  coated  fibers  were  surrounded  with  a  matrix  of  polycrystalline 
AI2O3.  Debonding  and  sliding  were  assessed  using  indentation  fracture  and  push-out 
techniques.  Damage  in  the  coating,  including  plastic  deformation,  was  identified  by 
scanning  and  transmission  electron  microscopy  (SEM  and  TEM). 

2.  EXPERIMENTAL 

Four  different  single  crystal  or  directionally  solidified  eutectic  oxide  fibers,  grown  at 
NASA  Glenn  by  a  laser-heated  float  zone  technique,14’15  were  coated  with  LaP04  by 
dipping  in  a  slurry  of  rhabdophane  (hydrated  LaP04).  The  coated  fibers  were  embedded 
in  a-alumina  powder  (Sumitomo  AKP50)  and  hot  pressed  in  graphite  dies  for  1  h  at 
1400°C.  Uncoated  fibers  were  included  in  the  same  specimen  for  reference.  The  fibers 
were  arranged  in  rows  within  the  one  hot-pressed  disk,  with  separation  between  fibers  ~  2 
mm,  thus  ensuring  identical  processing  conditions  for  all  fibers.  In  an  earlier  study,  the 
same  rhabdophane  slurry  yielded  pure  La-monazite,  with  no  excess  La  or  P  being 
detectable  either  by  EDS  analysis  of  the  monazite  or  by  reaction  of  the  monazite  with 
sapphire  fibers  after  long-term  heat  treatment  (200  h  at  1600°C).3 

The  fibers  had  different  surface  textures  and  thermal  expansion  coefficients,  thus 
allowing  assessment  of  the  effects  of  interfacial  topology  and  residual  stress  on 
debonding  and  sliding  mechanisms.  The  fibers  were  as  follows: 

(1)  Directionally  solidified  AI2O3/Z1O2  eutectic  fibers  with  a  two-phase  microstructure  of 
alumina  and  cubic  zirconia  (stabilized  with  Y2O3)  43  Dimensions  of  the  individual  phases 
were  ~0.5  pm.  The  starting  composition  of  the  feed  rod  was  60.8  mole  %  A1203;  39.2 
mole  %  Zr02  (9.5  mole  %  Y203))  with  purity  levels  99.995  %  or  better.  X-ray  and 
SEM/TEM  analysis  did  not  show  any  third  phase,  indicating  that  all  of  the  Y2O3  was  in 
solid  solution  in  the  Z1O2  phase.  The  surfaces  of  the  fibers  were  rough  on  the  scale  of  the 
microstructure  (Fig.  1(a)).  The  fiber  diameters  were  -100  pm  with  fluctuations  of  -2  pm 
over  lengths  of  -200  pm.  Thermal  mismatch  during  cooling  of  the  composite  caused 
tensile  radial  stresses  normal  to  the  fiber  surface  (Table  1). 
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-Mujljie  (single  crystal) 


(C) 

Figure  1.  Scanning  electron  micrographs  of fiber  surfaces :  (a)  Zr02/Al203  eutectic  fiber, 

(b)  Al20fYAG  eutectic  fiber,  and  (c)  mullite  single  crystal  fiber. 

(2)  Directionally  solidified  AI2O3/YAG  eutectic  fibers,44’45  with  a  two-phase 
microstructure  of  dimensions  ~0.5  pm  and  surface  roughness  on  the  scale  of  the 
microstructure  (Fig.  1(b)).  The  fiber  diameters  were  -100  pm,  with  fluctuations  of  <1 
pm  over  lengths  of -1  mm.  Thermal  mismatch  stresses  were  of  the  same  sign  as  for  the 
A^Cb/ZrOi  fibers  but  were  smaller  in  magnitude  (Table  1). 

(3)  Mullite  single-crystal  fibers  formed  from  a  source  rod  of  high  purity  (99.99%) 
polycrystalline  alumina  powder  (CERAC)  and  99.99  %  pure  Si02  (Alpha  Products), 
which  gave  2:1  mullite  as  described  in  Ref.  15.  In  the  as-grown  condition  the  fibers  had 
smooth  surfaces  but  relatively  large  fluctuations  in  diameter  (50  ±  5  pm,  Fig.  1  (c))  with 
period  -  100  pm.  Thermal  mismatch  caused  large  compressive  radial  stress  in  the 
coating  and  at  the  fiber-coating  and  coating-matrix  interfaces,  with  tensile  circumferential 
stress  in  the  coating  and  matrix  (Tablel). 
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(4)  Sapphire  fibers,  which  had  smooth  surfaces  (as-grown)  and  relatively  uniform 
diameter  (100  ±  1pm).  These  were  included  for  comparison  with  previous  studies  of  this 
system.1,3  All  residual  stresses  except  the  circumferential  (and  axial)  tension  in  the 
coating  are  small. 


TABLE  1  Representative*  residual  stresses  in  composites  of  monazite-coated  fibers  in 
polycrystalline  AI2O3  matrix.  Stresses  in  MPa. 


Stress  component 

Fiber 

Sapphire 

Mullite 

A1203/YAG 

Al203/Zr02 

Radial  (coating/fiber) 

15 

-720 

130 

240 

Radial  (matrix/coating) 

25 

-630 

140 

240 

Circumferential  (coating) 

300 

420 

290 

280 

Axial  (fiber) 

7 

-1160 

240 

420 

* Values  in  this  table  are  intended  only  as  rough  guide  for  relative  stresses.  They  were  calculated  using  a 
coaxial  cylinder  analysis,  assuming  a  temperature  change  of  AT  =  1000°C,  coating  thickness  2  pm,  zero 
volume  fraction  of  fibers,  and  the  following  Young’s  moduli  and  thermal  expansion  coefficients  (nominal 
isotropic,  temperature-independent  values):  polycrystalline  A1203  (400  GPa,  8  x  10'6  °C'1);  sapphire  (400 
GPa,  8  x  10‘s  °C‘);  mullite  (200  GPa,  4  x  10‘s  °C'1);46  Al203/Zr02  (300  GPa,  9  x  10'6  °C‘l);  and 
A1203/YAG  (350  GPa,  8.5  x  10'6  °C').16’17 

The  hot-pressed  disk  was  cut  into  slices  (thickness  ~0.3  to  2mm)  normal  to  the  fibers. 
The  surfaces  of  the  slices  were  polished  using  diamond  paste  and  some  of  the  polished 
slices  were  thermally  etched.  The  thicker  slices  were  used  for  indentation  cracking 
experiments,  which  involved  placing  Vickers  indentations  (10  kg  load)  in  the 
polycrystalline  alumina  matrix  near  the  fibers.  The  indenter  was  oriented  so  that  one  of 
the  median/radial  cracks  grew  towards  the  fiber  to  test  for  interfacial  debonding.  The 
thinner  slices  were  used  for  fiber  push-out  experiments,  which  involved  loading  a  flat 
punch  (truncated  Vickers  indenter)  onto  the  end  of  each  fiber  while  the  slice  was 
supported  in  a  fixture  with  a  gap  beneath  the  fiber.  Some  specimens  were  fractured  after 
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the  push-out  test  to  separate  the  debonded  interface.  The  indented  and  pushed  out 
specimens  were  examined  by  optical  and  scanning  electron  microscopy  (SEM). 

Specimens  used  for  fiber  push-out  were  also  sectioned  parallel  and  perpendicular  to  the 
fiber  axes  and  examined  by  TEM  (Phillips  CM20  FEG  operating  at  200kV)  to  allow 
identification  of  damage  within  the  LaPC>4  coating  caused  by  debonding  and  sliding. 
Four  AI2O3/YAG  fibers  were  examined  in  the  parallel  section;  one  mullite  and  one 
AI2O3/Z1O2  were  examined  in  the  axial  section.  The  TEM  foils  were  prepared  by 
impregnating  the  specimens  with  epoxy,  tripod  polishing  to  thickness  of  10  pm,  followed 
by  ion  milling  (Gatan  model  691  operating  at  4.5  kV).18 

3.  RESULTS 

3.1  Microstructural  Observations 

All  of  the  coated  fibers  were  surrounded  with  a  continuous  layer  of  LaP04  and  a  fully 
dense  matrix  of  polycrystalline  AI2O3.  The  coating  thicknesses  were  nonuniform 
(between  ~  1  pm  and  5  pm)  and  largest  at  the  positions  where  the  fiber  surfaces  were 
parallel  to  the  hot  pressing  direction.  No  reactions  were  observed  between  the  LaP04  and 
any  of  the  fibers.  Occasionally  an  elongated  La-magnetoplumbite  (LaAlnOi?)  grain  was 
observed  along  the  coating-matrix  interface.  Despite  the  presence  of  substantial  tensile 
residual  stresses  in  all  of  the  LaP04  coatings  (-300  to  400  MPa,  table  1),  no  evidence  of 
cracking  was  detected  by  SEM  examination  of  polished  or  thermally  etched  cross- 
sections.  The  grain  sizes  were  ~  0.5  to  1  pm  in  the  monazite  and  ~  2  to  10  pm  in  the 
alumina  matrix. 

3.2  Interfacial  Debonding 

The  LaP04  coatings  protected  all  of  the  fibers  from  penetration  of  indentation  cracks, 
whereas  uncoated  fibers  were  always  penetrated.  Examples  are  shown  for  the 
AI2O3/YAG,  Z1O2/AI2O3  and  mullite  fibers  in  Figs.  2  to  4.  The  indentation  cracks 
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generally  extended  from  the  matrix  into  the  LaPC>4  coatings  then  arrested  and  caused 
debonding  at  the  coating/fiber  interface.  In  a  few  cases  with  the  Z1O2/AI2O3  fibers 
debonding  occurred  at  both  interfaces  (matrix/coating  and  coating  /fiber).  The  former 
response  was  observed  previously  with  coated  sapphire  fibers  and  was  shown  to  be 
consistent  with  the  debond  criterion  of  He  and  Hutchinson  and  the  measured  fracture 
toughnesses  of  the  fibers,  coating,  and  interface.1  Although  the  fracture  toughnesses  of 
the  YAG/  LaPC>4  and  mullite/  LaPC>4  interfaces  have  not  been  measured,  the  present 
observations  suggest  that  they  are  similar  to  that  of  the  alumina/  LaPC>4  interface  (~4.5 
J/m  ).  It  is  noteworthy  that  the  fibers  were  protected  from  cracking  even  when  the  contact 
area  of  the  Vickers  indentation  was  close  enough  to  the  fiber  to  overlap  the  coating  (Fig. 
3(b)).  In  that  case  the  residual  stress  from  the  indentation  (compressive  normal  to  the 
interface,  tensile  on  the  prospective  crack  plane  into  the  fiber)  would  tend  to  inhibit 
debonding  and  favor  fiber  penetration. 

The  interfacial  roughnesses  for  both  of  the  eutectic  fibers  were  similar  to  the  surface 
roughnesses  of  the  as-formed  fibers,  with  amplitude  —100  -  300  nm  and  period  -500  nm 
(Figs.  2(a)  and  3(a)).  This  roughness  amplitude  is  greater  than  that  of  the  interfaces  at  the 
single-crystal  mullite  and  sapphire  fibers.  These  initially  smooth  fibers  developed  cusps 
during  hot  pressing  where  grain  boundaries  of  the  monazite  coating  intersected  the  fiber 
surface.  Measurements  of  the  cusp  profiles  on  sapphire  fibers  by  atomic  force 
microscopy  have  been  reported  elsewhere.19,20  The  cusp  heights  were  typically  -  50  nm 
and  the  angular  distortions  of  the  surface  were  small  (<  20°).  The  cusps  on  the  mullite 
surfaces  are  very  similar. 

Some  insight  into  the  effect  of  interfacial  roughness  on  fiber  sliding  and  pullout  can  be 
gained  from  the  observations  of  Figs.  2  to  4.  As  the  debond  grows  around  the 
circumference  of  the  fiber,  the  loading  on  the  crack  tip  due  to  the  indentation  stress  field 
is  initially  mostly  shear  (although  the  loading  eventually  changes  to  tension  if  the  crack 
grows  sufficiently).  Since  fiber  pullout  also  involves  shear  loading  of  a  debond  crack,  the 
initial  region  of  growth  of  the  deflected  cracks  in  Figs.  2-4  should  be  representative  of  the 
behavior  during  the  corresponding  stage  of  pullout. 
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Figure  2.  Scanning  electron  micrographs  showing  interactions  of  indentation  cracks  with  Al20fYAG 
eutectic  fibers:  (a)  uncoated  fiber  in  alumina  matrix  (indentation  located  out  of  field  of  view  below  the 
region  shown);  (b)  fiber  coated  with  LaP04  (indentation  located  out  of  field  of  view,  as  indicated  in  (d)); 
(c)  same  fiber  as  in  (b)  but  showing  region  further  along  the  debonded  interface  (arrows  indicate 
magnitude  of  sliding  displacement  across  debond  crack);  (d)  schematic  showing  locations  of(b)  and  (c). 
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Figure  3.  Scanning  electron  micrographs  showing  interactions  of  indentation  cracks  with  Zr02/Ah03 
eutectic  fibers:  (a)  uncoated fiber  in  alumina  matrix  (indentation  located  out  of field  of  view  below  the 
region  shown);  (b)  fiber  coated  with  LaP04  (indentation  located  at  top  of  field  of  view). 


Figure  4.  Scanning  electron  micrographs  showing  interaction  of  indentation  crack  with  single  crystal 
mullite  fiber  (coated  with  LaP04  in  alumina  matrix):  (a)  intersection  of  indentation  crack  with  interface 
and  debonding  (indentation  located  out  of field  of  view  above  the  region  shown);  (b)  same  fiber  as  in  (a) 
but  showing  region  further  to  the  right  along  the  debonded  interface  (arrows  indicate  magnitude  of sliding 
displacement  across  debond  crack). 

In  all  cases,  the  initial  debond  crack  followed  the  fiber-matrix  interface  closely,  even 
when  the  interface  was  rough.  For  the  mullite  fibers  (Fig.  4)  the  sliding  displacement  of 
the  debond  crack  surfaces  (-250  nm,  i.e.,  opening  displacement  of  initial  indentation 
crack)  is  smaller  than  the  average  spacing  between  the  interfacial  cusps  (~  600  nm). 
Sliding  caused  separation  of  the  debonded  surfaces  to  accommodate  their  misfit  (Fig. 
4(b)),  despite  the  constrained  configuration  with  large  residual  compressive  normal  stress 
(~  700  MPa,  Table  1).  The  misfit  was  apparently  accommodated  by  elastic  strains,  with 
no  irreversible  deformation  of  the  mullite  fiber  or  LaPC>4  coating  discemable  by  SEM.  In 
contrast,  sliding  of  the  eutectic  fibers  caused  extensive  damage  in  the  LaPC>4  coating  (Fig. 
2  (c)),  without  discemable  damage  in  the  fibers.  The  damage  included  cracks  across  the 
full  width  of  the  coating,  aligned  at  -  45°  to  the  interface  on  planes  of  maximum  tension, 
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similar  to  previous  observations  of  cracking  in  layers  of  LaPC>4  sandwiched  between 
polycrystalline  AI2O31.  More  intense  local  damage  is  evident  at  individual  asperities,  as 
in  Fig.  2(c).  The  damage  included  cracking  and  fine  lamellar  features,  which  could  be 
cracks  or  twins. 

3.3  Fiber  Push-out 

All  of  the  fibers  debonded  during  the  push-out  experiments.  Sliding  occurred  unstably 
over  distances  of  ~  5  to  10  Jim  at  a  critical  load  between  10  and  20  N.  The  average  shear 
stress  (load  divided  by  fiber  surface  area)  at  the  critical  load  was  130  ±  10  MPa  for  the 
sapphire  fiber,  200  ±  20  MPa  for  the  mullite  fiber,  190  ±  20  MPa  for  the  AI2O3/YAG 
fiber,  and  255  ±30  MPa  for  the  Al203/Zr02  fiber. 

Sliding  of  the  sapphire  fiber  occurred  at  the  fiber-coating  interface,  as  reported 
previously.  Grain  boundary  cusps  were  observed  along  the  separated  interfaces  by  SEM 
and  AFM,  although  no  damage  was  visible  in  either  the  fiber  or  the  coating. 

Extensive  wear  tracks  were  observed  in  the  LaPC>4  coating  on  both  eutectic  fibers, 
indicating  that  sliding  involved  plastic  deformation  (Fig.  5).  The  plane  of  sliding  was 
mostly  adjacent  to  the  fiber-matrix  interface,  although  smeared  fragments  of  the  LaPC>4 
coating  remained  on  the  fiber  surface.  In  some  regions  (such  as  Fig.  5)  sliding  occurred 
near  the  matrix-coating  interface. 
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Figure  5.  Scanning  electron  micrographs  showing  Zr02/Al203  eutectic  fiber  after  push-out:  (a)  bottom  of 
push-out  specimen  (monazite-coated  eutectic  fiber,  polycrystalline  Al2Os  matrix);  (b)  surface  of  monazite 
remaining  attached  to  fiber,  showing  deformation  due  to  sliding. 

TEM  observations  from  a  typical  region  of  a  sectioned  specimen  containing  a 
AI2O3/YAG  fiber  are  shown  in  Fig.  6.  Sliding  occurred  along  a  debond  crack  adjacent  to 
the  fiber.  A  very  thin  layer  of  the  LaPC>4  coating  within  ~  200  nm  of  the  plane  of  sliding, 
is  heavily  deformed,  whereas  the  coating  further  from  the  sliding  plane  is  free  of  defects. 
The  AI2O3/YAG  fiber  surface  is  also  undamaged.  The  deformed  microstructure  in  the 
LaPC>4  coating  consists  of  tangled  dislocations,  lamellar  feature  resembling  twins, 
microcracks,  and  very  fine  crystallites  of  LaPC>4  with  diameter  as  small  as  10  nm  (Fig. 
6b).  The  latter  features  are  usually  characteristic  of  recrystallized  microstructures  in 
other  materials.  The  intensity  of  deformation  generally  decreased  with  distance  from  the 
debond  crack. 
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(c) 

Figure  6.  TEM  micrographs  from  monazite-coated  AfO/YAG  eutectic  fiber  after  push-out:  (a)  bright  field 
image  showing  damage  in  monazite  either  side  of  the  sliding  plane  (b)  high  resolution  lattice  image  from 
region  of  heavily  deformed  monazite  in  (a);  (c)  region  of  lightly  deformed  monazite  from  (a). 

Sliding  of  the  mullite  fibers  occurred  predominantly  at  the  interface  between  the  fiber  and 
coating.  SEM  observations  of  the  separated  interface  revealed  plastic  deformation  of  the 
LaPC>4  coating  in  regions  where  the  sliding  displacements  caused  increasing  misfit  due  to 
the  variable  fiber  diameter  (region  A  in  Fig.  7).  (Note  that  the  sliding  displacements  are 
smaller  than  the  period  of  the  fluctuations  in  fiber  diameter  and  larger  than  the  spacing  of 
cusps  associated  with  grain  boundaries  in  the  LaP04  coating.)  On  the  other  hand,  in 
regions  where  the  fluctuating  fiber  diameter  led  to  decreasing  misfit  during  sliding 
(region  B  in  Fig.  7),  the  separated  interface  was  very  similar  to  that  of  the  sapphire  fiber, 
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with  grain  boundary  cusps,  clean  separation  at  the  interface,  and  no  evidence  for  damage 
in  either  the  fiber  or  the  coating. 


RSC0828  0S0501 

Figure  7.  Schematic  of fiber  sliding  for  monazite-coated  mullite  fiber. 


Direct  correlation  of  the  changes  in  coating  damage  with  fiber  diameter  fluctuation  by 
TEM  was  difficult,  because  only  limited  areas  were  observed.  Nevertheless,  some  trends 
are  evident.  Deformation  was  distributed,  often  non-uniformly,  throughout  the  entire 
coating  thickness,  rather  than  being  localized  in  a  thin  layer  adjacent  to  the  fiber  as  for 
the  YAG-alumina.  In  some  places  the  monazite  adjacent  to  the  fiber  was  undeformed, 
while  in  others  plastic  deformation  was  confined  to  an  isolated  grain.  Extensive 
microcracking  was  distributed  throughout  the  coating,  often  at  +/-  -45°  to  the  fiber 
surface. 


In  regions  of  coating  inferred  to  have  been  compressed  during  sliding,  almost  the  entire 
coating  was  microcracked  and  plastically  deformed.  Extensive  dislocations  were  evident, 
with  variability  in  density  from  grain  to  grain.  Some  grains  were  twinned  parallel  to  the 
fiber-matrix  interface,  the  orientation  of  maximum  shear  stress  due  to  pushout  of  the 
fiber.  Microcracking  at  -45°  to  the  fiber  surface,  was  extensive,  with  crack  spacings  as 
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small  as  ~50  nm  and  an  abundance  of  planar  segments  consistent  with  cleavage  on  (100), 
(010),  and  (001),  as  reported  previously. 

4.0  DISCUSSION 

4.1  Effects  of  residual  stress 

The  residual  stresses  noted  in  Table  1  might  be  expected  to  influence  whether  or  not 
interfacial  debonding  occurs.  Therefore,  it  is  necessary  to  establish  whether  or  not  the 
debonding  response  is  affected  significantly  by  differences  in  residual  stress  state  and 
crack  orientation  in  the  model  experiments  discussed  here  and  those  normally 
encountered  in  a  composite. 

In  the  analysis  of  He  and  Hutchinson,21’22  the  presence  of  residual  stresses  shifts  the 
debond  criterion  by  an  amount  that  depends  on  the  parameters  T|p  and  rid: 

r|p  =  Gpa1/2/K,  r|d  =  Oda1/2/K  (1) 


where  Gp  and  Ga  are  the  residual  stresses  normal  to  the  potential  crack  paths  penetrating 
the  fiber  or  along  the  interface,  K  is  the  applied  stress  intensity  factor  for  the  incident 
crack  and  a  is  a  characteristic  defect  size.  In  the  case  of  a  crack  oriented  on  a  radial  plane 
propagating  towards  the  fiber  from  within  the  coating,  as  in  the  indentation  cracking 
experiments  of  Sect.  3.2,  the  residual  stresses  (radial  and  circumferential  stresses  at  the 
surface  of  the  fiber)  are  equal.  With  r|p  and  T|d  thus  being  equal,  the  residual  stress  would 
not  be  expected  to  affect  the  debond  condition  significantly.  On  the  other  hand,  for  a 
crack  oriented  normal  to  the  fiber  axis  (the  most  important  case  for  a  composite)  the 
relevant  stresses  are  the  axial  stress  in  the  fiber  (for  penetration)  and  the  radial  stress  at 
the  fiber  surface  (for  debonding).  From  Table  1  it  is  evident  that  the  magnitude  of  the 
axial  stress  is  about  double  that  of  the  radial  stress  for  all  of  the  fibers,  with  both  being 
compressive  for  the  mullite  fibers  and  tensile  for  the  others.  Therefore,  in  this  case  the 
residual  stresses  would  be  expected  to  bias  the  response  towards  debonding  in  the  case  of 
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mullite  fibers  and  towards  penetration  in  the  case  of  both  eutectic  fibers.  However,  this 
result  is  sensitive  to  the  volume  fraction  of  fibers.  Calculations  for  a  fiber  volume 
fraction  of  0.5,  a  value  typical  for  stmctural  composites,  indicate  that  the  magnitudes  of 
the  axial  stresses  decrease  by  a  factor  of  about  2,  to  a  level  similar  to  the  radial  stresses. 
Therefore,  in  that  case  the  residual  stress  does  not  affect  the  condition  for  debonding  and 
the  observations  of  the  debonding  response  of  a  crack  oriented  on  a  radial  plane  are 
representative  of  the  response  of  transverse  cracks  in  the  composite.  The  use  of 
indentation  cracks  provides  a  conservative  indication,  since  the  residual  stress  field 
associated  with  the  indentation  itself  tends  to  favor  penetration  of  the  crack  into  the  fiber, 
as  discussed  in  the  previous  section. 

4.2  Effects  of  misfit  stresses 

The  sliding  of  fibers  caused  misfit  stresses  on  two  different  length  scales,  one  at  the  level 
of  either  the  grain  size  in  the  monazite  coating  (in  the  case  of  single  crystal  fibers)  or  the 
fiber  microstructure  (eutectic  fibers),  and  the  other  due  to  longer-range  fluctuations  in 
fiber  diameter.  The  sliding  displacements  in  the  push-out  experiments  exceeded  the 
microstructural  dimensions  by  a  factor  of  about  5  to  10  but  were  smaller  than  the  period 
of  the  diameter  fluctuations  by  factors  of  10  to  100.  Consequently,  the  misfit  strains  in 
all  except  the  mullite  fibers  were  dominated  by  the  microstructural  roughness  (Table  2). 
In  the  mullite  fibers  the  superposition  of  misfit  strains  due  to  thermal  expansion 
mismatch  (Table  1)  and  diameter  fluctuations  would  give  compressive  radial  misfit 
stresses  as  high  as  5.2  GPa  in  some  regions  and  separation  of  the  interface  in  others.  This 
maximum  compressive  stress  is  higher  than  the  hardness  of  LaPC>4  (5  GPa1)  suggesting 
that  plastic  deformation  should  occur  throughout  the  thickness  of  the  coating  in  regions 
such  as  area  A  in  Fig7.,  as  observed. 
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TABLE  2.  Misfit  strains  and  stresses 


Fiber 

Sapphire 

Mullite 

YAG/AI2O3 

ZrCV  AI2O3 

Fiber  radius  (R/pm) 

50 

25 

50 

50 

Microstructural  roughness 

Sr  (pm) 

0.05 

0.05 

0.2 

0.2 

K  (pm) 

2 

2 

1 

1 

8r/R 

0.001 

0.002 

0.004 

0.004 

Cr  (MPa)** 

Fiber  diameter  fluctuation 

-200 

-300 

-770 

-730 

AR  (pm) 

0.5 

2.5 

0.5 

1 

XR  (pm) 

500 

100 

1000 

400 

(AR/R)  (7tzmax/^R)* 

0.0006 

0.03 

0.0003 

0.0015 

Or  (MPa)** 

-120 

-4500 

-60 

-270 

*  /„Kx  is  the  maximum  sliding  displacement  (~  10  pm) 

**  Nominal  radial  misfit  stresses  intended  only  as  rough  guide  for  comparisons:  stresses  calculated  as  in 
Table  1  but  with  radial  misfit  strains  8r/R  and  (AR/R)  (jtZnBX/A,R),  the  latter  being  the  maximum  misfit  strain 
for  sinusoidal  diameter  fluctuation. 


For  all  of  the  other  fibers  the  maximum  radial  mismatch  strains  due  to  fluctuations  in 
fiber  diameter  are  similar  in  magnitude  and  opposite  in  sign  to  the  thermal  expansion 
mismatch  strains.  Therefore,  whether  or  not  deformation  of  the  coating  occurs  in  these 
cases  would  be  expected  to  depend  on  the  microstructural  roughness  (both  the  profile  of 
the  roughness  and  the  magnitude  of  the  mismatch  strain,  8r/R).  A  clear  distinction  was 
seen  between  the  single  crystal  fibers,  for  which  the  mismatch  strains  were  small  (5r/R  < 
0.002)  and  sliding  occurred  along  a  single  interfacial  debond  over  displacements  up  to  ~ 
5  to  10  times  the  period  of  the  microstructural  roughness,  and  the  eutectic  fibers,  for 
which  the  mismatch  strains  were  larger  (8r/R  ~  0.004)  and  extensive  deformation  of  the 
coating  occurred  when  the  sliding  displacements  exceeded  the  dimensions  of  the 
microstructural  roughness. 


The  oxide  fibers  currently  available  in  quantities  sufficient  to  fabricate  composites  are 
polycrystalline  alumina  and  mullite,  with  diameter  ~  12  pm  and  grain  size  about  50  to 
100  nm.23,24  These  fibers  have  smooth  surfaces  in  the  as-produced  state.  However, 
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during  processing  with  a  matrix,  surface  diffusion  leads  to  increased  roughness  due  to 
grain  boundary  grooving,  with  amplitude  approaching  half  of  the  grain  size  (~20  -  50 
nm).  Although  this  roughness  amplitude  is  smaller  than  that  of  the  eutectic  fibers,  the 
mismatch  strain  is  similar  or  larger  (8r/R  ~  0.003  to  0.008).  Therefore,  deformation  of 
the  coating  might  be  expected  if  these  fibers  were  to  be  embedded  in  a  matrix  with 
stiffness  similar  to  that  used  in  this  study.  However,  in  a  composite  with  a  porous  matrix 
the  response  would  be  mitigated  by  the  reduced  constraint  owing  to  the  lower  elastic 
stiffness  of  the  matrix. 

The  maximum  temperature  capability  of  oxide  composites  is  limited  by  the  stability  of 
currently  available  polycrystalline  fibers.  Directionally  solidified  eutectic  fibers  have  the 
potential  to  provide  large  increases  in  use  temperature  through  their  greater 
microstructural  stability,  creep  resistance,  and  strength  retention.43'45  However, 
substantial  development  would  be  needed  for  economical  production  of  fibers  of  smaller 
diameter  suitable  for  composite  reinforcements. 

4.3  Plastic  deformation  of  LaPC>4 

It  is  clear  from  Figs.  5  and  6a  that  plastic  deformation  of  the  monazite  coating  is  caused 
by  the  sliding  of  rough  interfaces  over  distances  that  are  large  compared  with  the 
roughness  dimensions.  Plastic  deformation  of  monazite,  in  the  form  of  twins  and 
dislocations,  has  also  been  observed  in  other  experiments  involving  quasi-static  contact 
with  spherical  indenters  at  room  temperature.25"27  The  occurrence  of  twinning  and 
dislocations  is  not  surprising  in  the  light  of  other  studies  of  ceramic  materials  such  as 
AI2O3,  in  which  mechanical  twinning  and  dislocations  have  been  observed  at  low 
temperatures  in  loading  configurations  with  hydrostatic  confining  pressure.28'32 
However,  the  microstructure  that  appears  to  be  recrystallized  is  at  first  sight  unexpected 
for  room-temperature  deformation  of  a  refractory  material  such  as  LaP04.  This  raises  the 
question  of  whether  local  temperature  rises  due  to  frictional  heating  might  have  occurred 
in  these  experiments. 
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Local  heating  effects 

Several  approaches,  based  on  different  assumptions  about  dissipative  mechanisms,  may 
be  taken  to  estimate  limits  on  local  temperature  rises  during  sliding  If  we  assume  that 
deformation  occurs  quasi-statically  and  continuously,  an  upper  (adiabatic)  limit  may  be 
obtained  by  assuming  that  all  of  the  work  done  by  the  sliding  asperities  is  dissipated  as 
heat  within  the  deformed  zone  (~200nm  thickness  in  Fig.  6a).  With  further  assumptions 
about  the  uniformity  of  the  heat  generation  within  this  zone  and  the  relative  cross- 
sectional  areas  of  the  sliding  asperities  and  the  deformation  zone,  such  calculations  give 
values  between  800  °C  and  2000  °C,  depending  on  whether  analysis  is  performed  for 
individual  asperities  or  for  an  average  contact  area  (Appendix  A).  With  the  uncertainty 
in  some  of  the  parameters  in  these  analyses,  either  of  these  numbers  could  vary  by  a 
factor  of  2.  Nevertheless,  it  is  clear  that  large  temperature  rises  might  be  expected  if  the 
heating  were  to  be  adiabatic. 

However,  adiabatic  heating  requires  a  sliding  velocity  sufficiently  large  that  conduction 
of  heat  away  from  the  deformation  zone  during  the  period  of  sliding  is  negligible. 
Although  the  sliding  velocity  was  not  measured  during  these  experiments,  we  can 
calculate  a  very  conservative  upper  bound  for  the  relative  velocity  of  the  fiber  and  matrix. 
Comparison  of  the  corresponding  sliding  time  with  an  estimate  of  the  time  taken  for  a 
given  temperature  increase  in  the  deformation  zone  to  dissipate  by  conduction  (from 
standard  transient  heat  flow  solutions)  suggests  that  the  upper-bound  sliding  velocity  is 
several  orders  of  magnitude  smaller  than  that  required  for  adiabatic  heating  under  these 
conditions  (Appendix  A). 

A  similar  conclusion  is  drawn  from  application  of  analyses  from  the  literature  on 
frictional  sliding  (e.g.,  Bowden33  and  Tabor,34  Jaeger,  Ashby35),  in  which  the  assumption 
is  made  that  work  done  by  frictional  forces  is  dissipated  as  heat  at  the  interface  between 
the  sliding  surfaces.  Solutions  for  the  interface  temperature  as  a  function  of  the  sliding 
velocity  are  then  obtained  from  analysis  of  heat  flow  into  the  materials  either  side  of  the 
interface.  Solutions  are  available  at  a  macroscopic  level  (average)  and  at  an  asperity 
contact  level  for  transient  and  steady-state  conditions  (Appendix  A).  In  both  cases  the 


9/19/01 


dbmO  11000 


18 


calculated  temperature  rises  corresponding  to  the  upper-bound  sliding  velocity  in  these 
experiments  are  small  (~  0.5°C  for  the  asperity  calculation  and  ~  5°C  for  the  average 
calculation). 

These  calculations  indicate  that  significant  temperature  rises  could  not  have  occurred  in 
these  experiments  as  long  as  the  basic  assumptions  that  the  deformation  occurred  in  a 
quasistatic,  continuous  manner  were  valid.  Two  mechanisms  could  conceivably 
invalidate  these  assumptions.  One  is  the  occurrence  of  stick  slip  motion,  giving  rise  to 
local  sliding  velocities  significantly  larger  than  the  average  sliding  velocity.36  However, 
this  appears  unlikely,  for  the  local  velocity  would  need  to  exceed  the  maximum  upper- 
bound  average  velocity  by  a  factor  of  100  in  order  to  approach  adiabatic  conditions.  The 
other  mechanism  is  a  sequence  of  damage  events  involving  extensive  localized 
fragmentation  by  cracking  (termed  cataclastic  flow  in  the  geological  literature)  followed 
by  plastic  deformation  of  the  debris.  If  the  debris  is  not  in  perfect  contact  with 
surrounding  material  during  deformation,  the  conduction  of  heat  to  the  surroundings  is 
reduced  and  adiabatic  conditions  might  be  more  closely  approached.  Unfortunately,  it  is 
not  straightforward  to  assess  this  effect  quantitatively. 

Annealing  of  radiation  damage 

Possible  recrystallization  of  monazite  may  be  related  to  the  resistance  of  monazite  to 
radiation  damage,  and  in  particular  to  recent  observations  of  room-temperature  annealing 
of  radiation  damage  in  LaPC>4.  That  monazites  are  extremely  resistant  to  amorphization 
by  radiation  damage,  and  are  thus  ideal  crystal  hosts  for  containment  of  actinide  or 
transuranic  elements  is  well  established.37  Natural  monazites,  despite  having  large 
concentrations  of  radioactive  thorium  and  uranium  substituted  in  the  crystal  structure,  are 
always  found  in  a  crystalline  state  rather  than  as  an  amorphous  or  metamic  mineral. 
Studies  using  synthetic  monazite  crystals  have  shown  that  this  occurrence  is  due  to  the 
ability  of  monazite  to  recover  readily  from  displacive  damage  events  at  near-ambient 

38  39 

temperatures.  ’ 
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In  a  recent  study  by  Meldrum,  Boatner  and  Ewing40  radiation  damage  in  LaP(>4  and 
several  related  ABCMype  phosphates  and  silicates  were  monitored  as  a  function  of 
temperature  in-situ  in  a  transmission  electron  microscope.  Fundamental  differences  in 
the  amorphization  and  recrystallization  kinetics  between  the  phosphates  and  silicates 
were  observed;  the  critical  temperature  above  which  amorphization  could  not  be  induced 
(i.e.,  recrystallization  processes  were  faster  than  damage  accumulation)  was  only  35°C 
for  LaPC>4,  but  more  that  700°C  for  zircon.  This  difference  was  tentatively  attributed  to 
the  higher  stability  of  isolated  PO4  tetrahedra  than  isolated  Si04  units,  with  less  bond 
breaking  being  required  to  form  the  crystal  structure  from  the  amorphous  structure. 
Similar  arguments  might  apply  for  recrystallization  from  a  microstructure  subjected  to 
intense  mechanical  deformation. 

5.  CONCLUSIONS 

The  results  of  the  previous  sections  confirm  that  La-monazite  is  compatible  with  mullite, 
YAG,  Zr02  and  A1203  and  that  interfaces  between  La-monazite  and  these  materials  are 
sufficiently  weak  to  allow  debonding  when  a  crack  approaches  the  interface  from  within 
the  monazite.  This  conclusion  holds  even  in  the  presence  of  substantial  residual 
compressive  stresses  normal  to  the  interface,  as  in  the  case  of  the  mullite  fiber  in  an 
alumina  matrix. 

All  of  the  monazite-coated  fibers  studied  (single  crystal  mullite,  alumina,  eutectic 
AI2O3/YAG  and  eutectic  ZrO/Al203  fibers,  all  embedded  in  a  fully  dense  alumina  matrix) 
underwent  sliding  in  single  fiber  push-out  experiments.  Debonding  and  sliding  occurred 
by  a  single  interfacial  debond  when  the  sliding  displacements  were  small  and/or  the  fiber 
surfaces  were  relatively  smooth.  At  larger  sliding  displacements  the  eutectic  fibers, 
which  had  rougher  interfaces,  caused  extensive  damage  in  the  LaPC>4  coating.  The 
damage  mechanisms  included  fracture,  twinning  and  dislocations.  The  ability  of  La- 
monazite  to  undergo  plastic  deformation  at  low  temperatures,  without  causing  any 
damage  to  the  fibers,  may  be  critical  for  its  use  as  a  composite  interface  because  of  the 
need  to  accommodate  sliding  of  constrained  rough  surfaces. 
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TEM  observations  showed  evidence  suggesting  that  recrystallization  may  have  occurred 
within  the  intensely  deformed  monazite.  Several  analyses  indicated  that  significant 
frictional  heating  during  sliding  was  unlikely  unless  stick-slip  motion  caused  large 
increases  in  local  sliding  velocities.  The  absence  of  significant  heating  would  imply  that 
recrystallization  of  heavily  deformed  monazite  is  possible  at  room  temperature,  an 
unusual  behavior  for  such  a  refractory  material.  However,  such  behavior  might  be 
consistent  with  observations  of  recrystallization  from  radiation  damage  in  La-monazite  at 
much  lower  temperatures  than  in  other  minerals. 
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Appendix  A:  Estimates  of  Heating  due  to  fiber  sliding 

Several  approaches,  based  on  different  assumptions  about  dissipation  mechanisms,  may 
be  taken  to  estimate  limits  on  local  temperature  rises  during  fiber  sliding.  Some  results 
from  these  analyses  are  summarized  below 

Adiabatic  sliding 

If  we  assume  that  the  work  done  by  the  sliding  friction  is  dissipated  entirely  by  uniform 
adiabatic  heating  within  the  zone  of  deformed  monazite  adjacent  to  the  plane  of  sliding, 
the  temperature  rise  is  given  by 

AT  =  xs  8  /  (p  cp  h),  (Al) 

where  xs  is  the  sliding  friction  stress,  8  is  the  sliding  displacement,  h  is  the  thickness  of 
the  deformation  zone,  and  p  and  cp  are  the  density  and  specific  heat  of  the  monazite.  For 
the  sliding  experiment  corresponding  to  Fig.  6,  the  measured  parameters  are:  xs  ~  200 
MPa,  8  =  5  gm  and  h  ~  0.2  gm.  With  p  =  5  g/cm3  and  cp  =  500  J/kg.K,41  Eq.  (Al)  gives 
AT  =  2000°C. 

An  alternative  estimate  based  on  incremental  sliding  of  individual  asperities,  as  depicted 
in  Fig  Al,  gives  the  temperature  rise: 

AT  =  H  Aa  /  (p  cp  Ab),  (A2) 

where  H  is  the  hardness  of  the  monazite,  Aa  is  the  cross-sectional  area  of  the  asperity  and 
Ab  is  the  cross-sectional  area  of  the  plastic  deformation  zone  created  by  the  asperity  as  it 
slides  (the  sliding  force  acting  on  the  asperity  being  set  equal  to  H  Aa).  If  we  take  H 
equal  to  the  room  temperature  hardness  of  monazite  (~5  GPa)1  and  Aa/Ab  ~  2  (from  Fig. 
6)  Eq.  (A2)  gives  AT  =  1000°C. 


Figure  Al.  Schematic  showing  asperity  sliding  and  associated  deformation  zone. 

Both  of  these  estimates  are  subject  to  considerable  uncertainty  (a  factor  of  ~  2)  associated 
with  the  parameters  h  and  Aa/Ab  as  well  as  the  assumption  of  uniform  heating  within  the 
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zone.  Nevertheless,  they  indicate  that  large  local  temperature  rises  can  occur  if  the 
sliding  velocity  is  sufficiently  large  to  allow  adiabatic  conditions. 

Estimated  sliding  velocity  and  transient  heating  effects 

The  time  in  transient  heat  conduction  problems  always  appears  normalized  by  the 
characteristic  time,  x: 

x  =  p  cp  d2  /  k,  (A3) 

where  k  is  the  thermal  conductivity  and  d  is  a  characteristic  diffusion  distance.  In  the 
fiber  sliding  problem,  d  is  the  depth  of  the  deformation  zone  and  the  conditions  are  close 
to  adiabatic  only  if  the  time,  th,  taken  to  inject  heat  into  the  deformation  zone  is  small 
compared  with  x.  If  we  assume  that  heat  is  conducted  only  into  the  monazite  (k  ~  2 
W/m.K)41  the  characteristic  diffusion  time  for  a  zone  of  depth  ~  0.2  pm  is  x  -  10'7  s.  The 
time  th  is  given  by  th  =  8  /  v,  where  8  is  the  sliding  distance  and  v  is  the  sliding  velocity. 

The  sliding  velocity  was  not  measured  in  the  experiments  described  in  section  2. 
However  we  can  estimate  a  very  conservative  upper  bound.  The  experiments  involved 
loading  the  indenter  on  the  end  of  the  fiber  using  a  fixed  weight  lowered  slowly  (velocity 
less  than  10'4  m/s)  via  a  viscous  dash-pot.  When  debonding  occurred,  the  sliding  fiber 
accelerated  unstably  until  the  indenter  was  arrested  by  contacting  the  matrix.  The 
magnitude  of  the  acceleration  was  determined  by  the  resultant  force  acting  on  the  fiber 
(the  difference  between  the  combined  weight  of  the  loading  mass,  indenter,  and  fiber  and 
the  opposing  forces  due  to  sliding  friction  and  the  dash-pot).  An  upper  bound  for  this 
acceleration,  corresponding  to  zero  resistance  from  sliding  and  the  dash-pot,  is  simply 
the  gravitational  acceleration,  g.  This  acceleration  acting  over  the  measured  sliding 
displacement  (~  5  pm)  would  result  in  a  maximum  velocity  of  10'2  m/s.  A  less 
conservative  overestimate  obtained  with  the  assumption  that  the  sliding  friction  remains 
constant  during  the  test  gives  a  value  smaller  by  a  factor  of  15. 

With  the  upper-bound  velocity  of  10'2  m/s  and  the  sliding  distance  8  =  5  pm  for  the 
average  analysis  of  Eq.  (Al),  the  lower  bound  estimate  for  the  heat  input  time  is  th  ~  5  x 
10'4  s.  This  is  more  than  3  orders  of  magnitude  larger  than  the  value  of  x  estimated 
above,  indicating  that  adiabatic  conditions  are  not  approached.  For  the  asperity  sliding 
analysis  (Eq.  (A2)),  the  relevant  sliding  distance  is  smaller  (equal  to  the  dimensions  of 
the  asperity,  ~0.5  pm)  giving  a  smaller  heat  input  time,  although  still  far  from  adiabatic 
conditions  (th  /  x  -  102). 

It  is  worth  noting  the  role  of  asperity  size  in  the  above  analysis.  Since  both  d  in  Eq.  (A3) 
and  the  sliding  distance  8  that  determines  the  sliding  time  (th,)  scale  with  the  asperity 
size,  the  ratio  th  /  x  increases  with  decreasing  asperity  size.  Therefore,  if  the  damage 
observed  in  Fig.  6  was  caused  by  sequential  sliding  of  asperities  of  various  sizes,  the 
conditions  for  the  smaller  asperities  would  have  been  further  from  adiabatic.  Given  the 
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conservative  nature  of  these  estimates  it  appears  unlikely  that  large  temperature  increases 
could  have  occurred  in  these  experiments. 

Frictional  sliding  analyses 

In  the  literature  on  frictional  sliding  (e.g.,  Bowden  and  Tabor,33  Jaeger,34  Ashby35)  the 
assumption  is  made  that  work  done  by  frictional  forces  is  dissipated  as  heat  at  the 
interface  between  the  sliding  surfaces.  Solutions  for  the  interface  temperature  as  a 
function  of  the  sliding  velocity  are  then  obtained  from  analysis  of  heat  flow  into  the 
materials  either  side  of  the  interface.  Solutions  are  available  at  a  macroscopic  level 
(average)  and  at  an  asperity  contact  level  for  transient  and  steady  state  conditions. 
These  solutions  can  be  written  in  the  general  form35 

AT  =  (Fsv/A)(ki/fi  +  k2/f2)'1,  (A4) 

where  AT  is  the  difference  between  the  interface  temperature  and  the  remote  temperature, 
Fs  is  the  sliding  force,  v  the  velocity,  A  the  contact  area,  ki  and  k2  are  the  thermal 
conductivities  of  materials  1  and  2  either  side  of  the  interface,  and  l\  and  f2  are  functions 
of  the  contact  geometry,  thermal  diffusivities  (a)  and  the  time  over  which  the  heat  is 
applied.  We  note  that  a  limitation  of  these  models  is  that  AT  increases  without  limit  as 
the  sliding  velocity  increases  (i.e.  as  adiabatic  conditions  are  approached),  a  consequence 
of  the  assumption  that  the  heat  is  dissipated  at  the  interface  rather  than  in  a  deformation 
zone  of  finite  volume. 

For  the  analysis  of  sliding  asperities,  a  convenient  solution  for  £\  and  f2  is  that  of  a 
Gaussian  heat  source  applied  for  a  time  t  over  a  circular  contact  area  of  radius  r0:35 

£  =  r0  nm  tan" '(4  t  a/r02)1/2.  (A5) 

An  upper  bound  for  the  sliding  force  on  an  asperity  is  given  by  taking  the  contact 
pressure  equal  to  the  hardness  of  the  monazite  and  a  friction  coefficient  of  unity,  so  that 
Fs/A  =  H.  For  asperity  contact  times  between  the  limits  ~  r J\  and  8/v,  the  temperature 
rise  estimated  from  Eq.  (A4)  for  a  A1203/YAG  asperity  with  ro  =  0.2  pm,  a  ~  0.05  cm2/s, 
k  ~  20  W/m.K,42  and  other  parameters  as  defined  above  is  ~0.5°C.  An  alternative 
analysis  based  on  the  measured  sliding  force  and  uniform  contact  gave  AT  ~  5°C. 
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4.0  Stability  of  LaP04  Systems  in  High  Temperature  Environments  containing  H20 

vapor 

The  following  is  a  summary  of  a  paper  in  preparation  for  publication  in  the  Journal  of  the 
American  Ceramic  Society,  by  J.  B.  Davis,  D.  B.  Marshall,  and  B.  Opila  (NASA  Glen) 

We  previously  demonstrated  the  long-term  stability  and  compatibility  of  the  LaP04/Al203 
system  in  a  closed  air-containing  environment  at  temperatures  up  to  at  least  1600°C.  However, 
combustion  environments  with  flowing  water  vapor  can  be  more  aggressive  because  the 
formation  of  volatile  OH-containing  species,  even  at  very  low  partial  pressures,  can  lead  to 
degradation  over  long  times.  Recent  studies  have  emphasized  the  importance  of  this  with 
systems  such  as  SiC  that  rely  on  a  protective  layer  of  Si02  for  oxidation  resistance. 

To  assess  the  stability  of  LaP04  in  such  environments,  test  specimens  were  exposed  to  flowing 
gas  consisting  of  90%  H20/  10%O2  at  1  atm.  in  a  tube  furnace  at  1400*C  for  periods  up  to  500 
hours.  The  test  specimens  were  polycrystalline  LaP04  formed  by  sintering  powders  synthesized 
in  our  laboratories.  Some  specimens  contained  a  few  percent  of  dispersed  A1P04  particles 
formed  by  adding  A1  nitrate  during  processing  to  act  as  a  buffer  for  P-rich  precursors.  Others 
contained  a  few  percent  of  A1203  particles,  while  another  was  pure  LaP04  made  from 
stoichiometric  powder.  Key  results  are  as  follows: 

(1)  In  tests  using  a  silica  furnace  tube  significant  microstructural  changes  were  observed,  with 
formation  of  porosity  throughout  and  La2Si207  near  the  surface,  to  depth  ~  60  to  100  pm.  After 
the  testing  there  were  also  isolated  traces  of  a  La-Si-Al  containing  glass  in  the  interior  (these 
specimens  initially  contained  A1P04  inclusions).  However  all  weight  changes  were  accounted 
for  by  the  reaction  of  LaP04  with  silica  vapors  (SiO(OH),  Si(OH)3  etc.)  arising  from  reaction  of 
water  vapor  with  the  silica  furnace  tube.  These  results  suggest  that  additional  direct  reaction  of 
LaP04  with  water  vapor  under  these  conditions  is  negligible. 

(2)  In  tests  using  a  high  purity  alumina  furnace  tube  a  thin  protective  layer  of  LaA103  and 
LaAlH018  formed  on  the  surfaces  of  the  test  specimens  in  regions  exposed  directly  to  the 
flowing  gas  (Fig.  1).  In  the  interior  of  the  specimen,  and  at  surfaces  not  directly  exposed  to  the 
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flow  (i.e.,  the  bottom  surface  of  the  sample  resting  on  an  A1203  plate,  Fig.  2)  there  was  no 
detectable  change  to  the  LaP04  microstructure.  In  particular,  there  was  no  evidence  for 
formation  of  La-rich  compounds  that  would  be  evidence  for  loss  of  P  due  to  reaction  with  water 
vapor.  All  weight  changes  were  accounted  for  by  observed  reaction  with  volatile  species  (A1 
oxy-hydroxides)  that  originated  from  reaction  of  water  vapor  with  the  furnace  tube,  again 
suggesting  that  additional  direct  reaction  of  LaP04  with  water  vapor  under  these  conditions  is 
negligible.  For  applications  in  composites  of  LaP04  and  A1203  it  is  worth  noting  the  protective 
nature  of  the  LaA103  layer  that  formed  on  the  surface  exposed  directly  to  the  flow.  Moreover, 
if  the  interior  of  such  a  composite  were  to  be  exposed  to  the  environment  through  matrix  cracks 
or  porosity,  the  concentration  of  volatilized  Al-containing  species  would  be  many  orders  of 
magnitude  lower  than  in  these  experiments,  even  on  the  bottom  surface  of  the  plate  where  no 
reaction  was  observed  (Fig.  2).  The  experiments  indicate  a  very  high  stability  of  LaP04  in 
water-containing  environments  (possibly  greater  than  alumina). 


(a) 


Fig.  1.  Top  surface  of  LaP04  exposed  to  900/oH20/10%02  flowing  at  0.75  cm/s  at  1400°C  for 
250h  in  A1203  furnace  tube,  (b)  Fractured  cross  section  from  specimen  in  (a),  showing  thin 
LaA103  surface  layer  and  underlying  LaP04. 
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(a)  (b) 

Fig.  2.  (a)  Bottom  surface  of  LaP04  specimen,  which  rested  on  an  AI2O3  support  plate  while 
being  exposed  at  1200°C  to  90%H20/10%02  flowing  at  0.75  cm/s  in  A1203  furnace  tube,  (b) 
EDS  analysis  from  (a),  showing  only  LaP04. 
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5.0  Oxide  Composites  of  Al203  and  LaP04 

by  Davis,  J.B.,  Marshall,  D.B  and  Morgan,  P.E.D. 
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Oxide  Composites  of  AI2O3  and  LaP04 

J.  B.  Davis,*  D.  B.  Marshall  and  P.  E.  D.  Morgan 


Rockwell  Science  Center,  1049  Camino  Dos  Rios,  Thousand 
Abstract 

Some  properties  of  oxide  composites  based  on  Al203 
and  LaP04  (La-monazite)  are  examined.  A  com¬ 
posite  consisting  of  woven  A12Oj  fibers  with  a  porous 
matrix  of  Al203  and  LaP04  is  shown  to  be  damage 
tolerant  and  notch  insensitive.  The  feasibility  of 
achieving  fiber  sliding  and  pullout  in  a  composite 
with  a  fully  dense  matrix  is  investigated  using  a 
small  hot-pressed  composite  of  sapphire  fibers  and 
LaP04  matrix.  ©  1999  Elsevier  Science  Ltd.  All 
rights  reserved . 

Keywords:  LaP04,  composites,  fibres,  mechanical 
properties,  AI2O3. 


1  Introduction 

Damage-tolerant,  nonlinear  behavior  in  ceramic 
composites  requires  weak  surfaces  or  phases  that 
decouple  fracture  processes  in  the  matrix  and  the 
fiber  reinforcements.  This  can  be  achieved  in  com¬ 
posites  with  a  weak  interphase  separating  strong 
fibers  from  a  strong  matrix,  such  as  in  glass-matrix/ 
SiC-fiber  composites  with  a  weak  carbon  inter¬ 
phase.1'3  It  can  also  be  achieved  in  composites 
consisting  of  strong  fibers  in  a  porous,  weak  matrix, 
such  as  in  carbon-matrix  composites.  1  Until  fairly 
recently,  all  ceramic  composites  relied  on  either 
carbon  or  BN  for  the  weak  phase.  As  a  result,  they 
suffered  from  limited  oxidation  resistance. 

During  the  past  5  years,  several  analogous  oxide 
systems  have  been  identified,  with  potential  for 
long-term  stability  in  oxidizing  environments. 
Composites  with  weak  porous  matrices  of  S1O2I 
Al203,6  A1203,7  AhOj/mullite,8-9  and  AIPO410 
have  been  reported  with  room  temperature 
mechanical  properties  very  similar  to  carbon-carbon 
composites.  These  oxide  composites  were  fabri¬ 
cated  by  infiltration  of  slurries  into  preforms  of 
woven  fibers  (small-diameter,  polycrystalline  alu¬ 
mina  or  mullite  fibers)  followed  by  sintering.  In  the 
absence  of  a  separate  weak  interphase  between  the 
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fibers  and  matrix,  the  porous  matrix  bonds 
strongly  to  the  fibers.  However,  because  of  the  low 
elastic  stiffness  and  fracture  toughness  resulting 
from  the  porosity,  cracks  do  not  readily  pass  from 
the  matrix  to  the  fibers,  and  tensile  loading  causes 
extensive  damage  in  the  matrix  before  failure  of  the 
fibers.  Failure  ultimately  involves  pullout  of  fibers, 
mainly  in  tows,  and  the  fracture  strength  is  relatively 
insensitive  to  the  presence  of  stress  concentrators 
such  as  notches  and  holes.9  The  high  temperature 
limitations  of  such  composites  are  expected  to  come 
from  several  sources:  microstructural  stability  of  fine 
grained  fibers,  coarsening  of  the  matrix,  and  inter¬ 
diffusion  of  the  matrix  and  fibers. 

In  fully  dense  systems,  two  classes  of  oxides  that 
allow  debonding  have  recently  been  identified.  One 
relies  on  layered  crystal  structures  such  as  micas,11 
/3-aluminas,'2  magnetoplumbites12’13  and  per- 
ovskites,14  with  intrinsically  weak  cleavage  planes. 
The  other  is  a  group  of  refractory  mixed  oxides 
(rare-earth  orthophosphates  with  the  monazite'5-18 
or  xenotime19  structures,  and  several  tungstates20 
and  vanadates21),  which  have  been  shown  to  form 
weak  interfaces  with  other  oxides  such  as  Al203, 
YAG,  Zr02,  and  mullite.  In  the  case  of  La-mon¬ 
azite  (LaP04),  long-term  stability  with  sapphire 
fibers  has  been  demonstrated  at  1600°C,18  thus 
indicating  the  prospect  of  fabricating  dense-matrix 
composites  with  better  stability  than  the  porous 
matrix  systems  presently  available.  However,  most 
studies  of  these  systems  have  involved  model  spe¬ 
cimen  configurations  designed  to  assess  interfacial 
debonding.  With  the  exception  of  some  multi¬ 
layered  composites,'7  fully  dense  composites  have 
not  been  formed,  mainly  because  of  the  difficulty  of 
processing  such  composites  without  degrading  the 
oxide  fibers  that  are  presently  available. 

In  this  paper  we  present  some  properties  of  an 
oxide  composite  that  combines  a  porous  matrix 
and  a  weak  fiber— matrix  interface  to  give  enhanced 
nonlinear  behavior  and  potentially  improved  sta¬ 
bility  at  high  temperatures.  The  composite  consists 
of  polycrystallinc  AI2O3  fibers  in  a  porous,  two- 
phase  matrix  of  LaPQ4  and  AI2O3.  We  also  report 
some  preliminary  experiments  to  test  the  ability  of 
LaP04  to  facilitate  fiber  debonding  and  pullout  m 
fully  dense  systems. 


*To  whom  correspondence  should  be  addressed. 
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2  Experiments 

A  porous  matrix  composite  was  fabricated  by 
infiltrating  woven  fabric  of  polycrystalline  alumina 
fibers  (3M  company,  Nextel  610,  8-harness  satin 
weave)  with  a  slurry  of  Al203/LaP04.  The  slurry 
contained  dispersed  a-alumina  powder  (Sumitomo, 
AKP50)  and  solution  precursor  for  LaP04.  Indivi¬ 
dual  layers  of  fabric,  15  x  15  cm2,  were  infiltrated, 
stacked  (10  layers),  dried  while  vacuum  bagging 
and  warm  pressing,  then  sintered  at  1 100°C  in  air 
for  l  h.  The  resulting  composite  plate  was  ~2  mm 
thickness.  Double-edge-notched  tensile  test  speci¬ 
mens,  with  dimensions  ^15x1  cm  aligned  parallel 
to  the  weave  direction,  were  cut  from  the  plate 
using  a  diamond  saw  (Fig.  1).  The  saw  cuts  that 
formed  the  notches  were  of  ~150  fim  width.  The 
specimens  were  loaded  in  tension  using  wedge  grips 
and  tabs  glued  to  the  ends.  The  gauge  section 
extension  was  measured  using  a  clip  gauge  attached 
12*5  mm  above  and  below  the  mid  plane,  which 
contained  the  notches. 

A  composite  with  a  fully  dense  LaP04  matrix 
and  sapphire  fiber  reinforcement  was  fabricated  by 
hot  pressing.  Since  the  sole  purpose  of  this  com¬ 
posite  was  to  test  whether  debonding  and  fiber 
pullout  occur  in  this  system  under  tensile  loading 
parallel  to  the  fibers,  the  simplest  possible  fabrica¬ 
tion  route,  making  use  of  available  hot  pressing 
facilities,  was  used.  Sapphire  fibers  were  chosen  to 
allow  hot  pressing  at  sufficiently  high  temperature 
to  densify  the  matrix  (14G0°C)  without  damaging 
the  fibers  (polycrystalline  fibers  would  degrade  at 


Fig.  1.  Double-edge-notched  tensile  test  specimen  of  compo¬ 
site  consisting  of  woven  AI2O3  fibers  and  porous  AI2O3-- 
LaP04  matrix. 


this  temperature).  Approximately  200  fibers  of 
length  40  mm  were  coated  individually  with  a  thick 
layer  of  rhabdophane  (hydrated  LaP04)  powder 
and  stacked  together  along  a  diameter  of  a  50  mm 
cylindrical  graphite  die.  The  remainder  of  the  die 
was  filled  with  AI203  powder  to  prevent  direct 
contact  between  the  graphite  die  and  the  LaP04.  j 
The  compact  was  hot  pressed  at  1400°C  for  1  h,  to 
form  an  alumina  disk  with  a  small  embedded  sap- 
phire/LaP04  composite,  of  cross-section  dimen¬ 
sions  —2x2  mm,  along  its  diameter.  1 

The  test  specimen  shown  schematically  in  Fig.  2 
was  cut  from  the  hot  pressed  disc  and  loaded  in 
four-point  bending  with  the  embedded  composite 
in  tension.  The  hole  drilled  adjacent  to  the  embed¬ 
ded  composite  served  to  reduce  the  gradient  of 
tensile  bending  stress  across  the  composite  and  to 
allow  cracking  of  the  ligament  of  material  between 
the  hole  and  the  edge  of  the  specimen  without 
fracturing  the  entire  beam. 


3  Results 

3.1  Porous  AI203/LaP04  matrix  composites  . 

The  microstructure  of  the  Al203/LaP04  matrix 
composite  is  shown  in  the  scanning  electron 
microscope  (SEM)  image  of  Fig.  3.  The  matrix 
consists  of  a  two-phase  mixture  of  Al203  and 
LaP04  grains,  both  with  dimensions  smaller  than 
approximately  0*5  /xm,  with  fine-scale  porosity 
between  the  grains.  The  alumina  grains  in  the 
matrix  are  always  separated  from  the  fibers  by  a 
thin  layer  of  LaP04.  The  composites  consisted  of 
approximately  40  vol%  of  fibers  (20%  in  each  of 
the  0  and  90°  orientations),  40  vol%  matrix  (A1203 
and  LaP04  in  the  ratio  approximately  2:1)  and  20 
vol%  porosity  (as  estimated  from  weight  measure¬ 
ments). 

The  tensile  response  of  a  test  specimen  with 
notch  depth  greater  than  half  of  the  test  section 
(a/w  =  0*54)  is  shown  in  Fig.  4.  The  net  section 
stress  during  testing  (load  divided  by  the  remaining 
cross-sectional  area  between  the  ends  of  the  not¬ 
ches)  is  plotted  as  a  function  of  the  extension  mea¬ 
sured  from  the  clip  gauge.  Also  shown  along  the 
top  border  is  the  average  strain  calculated  from  the 


Fig.  2.  Test  specimen  (Al203)  with  embedded  composite  of 
sapphire  fibers  and  LaP04  matrix. 
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extension  measurements;  however,  the  strain  is  very 
nonuniform  within  the  gauge  area.  The  stressTstrain 
curve  shows  substantial  nonlinearity  in  the  loading 
portion  and  continuously  decreasing  load  beyond 
the  peak.  Test  specimens  without  notches  showed 
similar  stress-strain  curves,  with  strengths,  in  the 
range  200  to  220  MPa. 

The  nonlinear  response  is  associated  with  exten¬ 
sive  pullout  of  fibers,  as  seen  from  the  separated 
ends  of  the  test  specimen  in  Fig.  5.  Failure  of  the 
specimen  occurred  by  separation  of  the  matrix 
along  an  approximately  planar  section  between  the 
ends  of  the  two  notches  and  pullout  of  individual 
fibers  over  lengths  up  to  -l  cm  from  both  sides  of 
the  fracture  plane.  Small  but  finite  loads  were  sup¬ 
ported  by  these  bridging  fibers  at  crack  opening 
displacements  of  several  mm.  Examples  of  intact 
specimens  loaded  beyond  the  peak  in  the  stress- 
strain  curve  are  shown  in  Fig.  6:  at  a  crack  opening 
of  ~l  mm  in  Fig.  6(a),  (showing  bridging  fibers) 
and  at  a  crack  opening  of  ~3  mm  in  Fig.  6(b)  (in- 
situ  micrograph  with  net  section  stress  8  MPa). 

3.2  Fully  dense  LaP04-matrix  composite 
The  microstructure  of  the  hot  pressed  LaP04-matrix 
composite  is  shown  in  the  polished  cross-section  of 
Fig:  7.  The  matrix  contains  a  few  isolated  pores, 
but  is  mostly  fully  dense  LaP04.  There  is  no 
apparent  degradation  of  the  sapphire  fibers  or 
reaction  with  the  matrix. 

Micrographs  of  the  specimen  depicted  in  Fig.  2 
after  loading  to  failure  are  shown  in  Fig.  8.  Pullout 
of  the  sapphire  fibers  occurred  over  lengths  of  sev¬ 
eral  mm,  with  most  fibers  pulling  out  from  one  side 
of  the  fracture  surface.  Although  extensive  crack- 


Fig.  3.  Microstructure  of  composite  from  Fig.  1  (secondary 
electron  image). 


ing  occurred  in  the  LaP04  matrix,  and  pieces  of  the 
matrix  pulled  out  with  the  fibers  as  in  Fig.  8(a), 
higher  magnification  micrographs  such  as  Fig.  8(b) 
show  that  debonding  and  sliding  occurred  at  the 
fiber-matrix  interface  [scratch  marks  due  to  fiber 
sliding  can  be  seen  in  the  LaP04  matrix  in  Fig. 
8(b),  in  the  hole  left  behind  after  pulling  out  the 
fiber]. 


4  Discussion 

Under  tensile  loading  parallel  to  the  0  or  90°  weave 
direction,  the  Al203/LaP04  matrix  composite 
shows  nonlinear  stress-strain  response,  with  the 
nonlinear  component  of  strain  at  the  peak  load 
being  several  times  the  linear  elastic  strain  extra¬ 
polated  from  low  loads.  Failure  is  non-cata- 
strophic,  with  fiber  pullout  over  distances  of  ~1 
cm.  Strengths,  in  the  range  200-250  MPa,  are 
unaffected  by  the  presence  of  severe  notches.  These 
characteristics  differ  from  the  responses  reported 


Nominal  Strain 


Fig.  4.  Tensile  test  results  from  composite  of  Fig.  I- 


Fig-  5.  Separated  test  specimen  from  test  in  Fig.  4. 
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(a) 


load 


Fig.  6.  (a)  Bridging  fiber  tows  in  test  specimen  loaded  as  in 
Fig.  4,  interrupted  before  complete  separation,  (b)  In-si tu 
optical  micrograph  from  test  as  in  Fig.  4  at  net  section  stress 
of  8  MPa. 


sapphire 


Fig.  7.  Cross-section  of  hot-pressed  LaP04-matrix  composite 
(secondary  electron  image). 


for  other  porous  matrix  composites  in  systems 
where  strong  local  bonding  between  matrix  and 
fibers  would  be  expected  (SiOi/A^Oj,6  Al203/ 
mullite*’9  A1P0410).  The  strengths  of  such  compo¬ 
sites  under  loading  parallel  to  the  0  or  90°  direc¬ 
tions  have  been  reported  in  the  same  range,  while 
notch-insensitivity  along  with  nonlinear  stress- 
strain  response  and  noncatastrophic  failure  have 
been  reported  under  flexural  loading  and  under 
tensile  loading  in  a  direction  at  45°  to  the  0/90 


(b) 

Fig.  8.  (a)  Fractured  test  piece  of  LaP04  matrix  composite,  (b) 
Higher  magnification  of  region  of  fracture  surface  from  same 
specimen  as  (a).  Dark  circular  area  is  fracture  surface  of  sap¬ 
phire  fiber.  Smooth  light  region  is  LaP04  coating  in  cylindrical 
hole  (going  into  page  from  right  to  left)  remaining  after  pull¬ 
out  of  the  other  half  of  the  fractured  fiber. 


weave  direction.9  However,  the  large  nonlinear 
response  has  not  been  observed  in  tensile  loading 
parallel  to  the  0  or  90°  weave  directions.  In  this 
case,  the  composites  may  show  a  very  small  non¬ 
linearity  before  the  peak  load  (nonlinear  compo¬ 
nent  of  strain  less  than  10%  of  the  total  strain)  and 
a  jagged  fracture  surface  associated  with  some 
pullout  of  fiber  tows.  However,  failure  is  cata¬ 
strophic  and  the  extensive  pullout  of  individual 
fibers,  such  as  in  Fig.  5,  is  not  observed.  Therefore, 
it  is  evident  that,  while  the  porous  nature  of  the 
matrix  in  the  Al203/LaP04  composite  most  likely 
contributes  to  the  nonlinear  response,  the  presence  of 
the  weakly  bonded  LaP04  phase  at  the  fiber-matrix 
interface  greatly  enhances  the  damage- tolerant 
behavior  of  the  composite- 
Although  porous-matrix  composites  may  be 
adequate  for  many  applications,  certain  uses  bene- 
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fit  from,  or  require  a  fully  dense  matrix  (e.g., 
extremely  corrosive  environments,  need  for  her¬ 
metic  seal).  Previous  studies  of  LaP04/Al203 
interfaces  have  demonstrated  that  debonding 
occurs  in  a  variety  of  cracking  configurations 
in  fully  dense  systems. l5“18  However,  damage- 
tolerant  behavior  requires  sliding  and  pullout  of 
fibers  in  addition  to  debonding-  Fiber  sliding  after 
debonding  would  be  expected  to  be  more  difficult 
in  fully  dense  systems  than  in  composites  with 
porous  matrices,  because  the  higher  stiffness  of  the 
matrix  would  be  less  accommodating  for  the  misfit 
caused  by  the  sliding  motion  of  any  irregularities  at 
the  interface.22 

Fiber  sliding  was  demonstrated  previously  in 
pushout  experiments  involving  isolated  sapphire 
fibers  with  LaP04  coatings  in  a  fully  dense  A1203 
matrix.15  The  interface  in  these  experiments  con¬ 
tained  irregularities  in  the  form  of  grain  boundary 
grooves  and  cusps  with  height  ~50  nm.  Sliding 
occurred  without  permanent  deformation,  imply¬ 
ing  that  the  misfitting  asperities  were  accom¬ 
modated  by  elastic  strains  during  sliding.  The 
LaP04-matrix  composite  examined  in  the  present 
study  was  prepared  using  the  same  starting  mate¬ 
rials  and  nominally  identical  processing  conditions 
as  the  composite  used  in  the  previous  pushout 
experiments.15  The  results  in  Figs.  7  and  8  demon¬ 
strate  the  feasibility  of  achieving  fiber  pullout  in 
fully  dense  systems. 

The  development  of  oxide  composites  with  fully 
dense  matrices  is  presently  limited  by  our  ability  to 
densify  the  matrix  under  conditions  that  do  not 
degrade  the  fibers.  Processing  temperatures  for 
composites  containing  polycrystalline  Al203  and 
mulUte  fibers  are  limited  to  200-1 300° C  (lower 
if  pressure  is  used  to  aid  densification).  Such 
composites  require  development  of  either  higher 
temperature  fibers  (e.g.  eutectic  or  single  crystal 
fibers)  or  methods,  currently  being  examined,  for 
promoting  densification  of  the  matrix  at  lower 
temperatures. 


5  Conclusions 

An  oxide  composite  consisting  of  woven  A1203 
fibers  and  a  porous  matrix  of  A1203  and  LaP04 
was  found  to  exhibit  much  greater  nonlinear 
response  and  notch  insensitivity  than  other  porous 
matrix  composites.  The  enhanced  properties  were 
attributed  to  weak  bonding  between  the  fibers  and 
the  LaP04  phase,  which  allqwed  extensive  fiber 
pullout. 

The  feasibility  of  achieving  fiber  pullout  in  fully 
dense  Al203-LaP04  composites  was  demonstrated 
using  a  hot  pressed  composite  with  sapphire  fibers. 
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High-temperature,  oxidation-resistant,  ceramic  matrix  composites  (CMCs), 
with  (La)-monazite  (LaP04)  serving  as  a  weakly  bonded  interphase,  have  been 
invented.  Monazite  is  stable  and  phase  compatible  with  several  other  ceramic  oxides 
at  temperatures  to  at  least  as  high  as  1750°C  in  air.  The  chemical  and  morphological 
stability  and  debonding  characteristics  of  monazite-alumina  interfaces  are  examined 
at  temperatures  of  1400°C  and  1600°C.  Especially  important  for  use  in  high 
toughness  composites,  the  monazite-alumina  and  other  interfaces  are  shown  to  be 
sufficiently  weak  that  interfacial  debonding  prevents  cracks  from  growing  from 
monazite  into  alumina.  Observations  of  the  fracture  behavior  and  compatibility  of 
LaP04  coatings  in  alumina  and  alumina-zirconia  systems  are  discussed,  and  property 
measurements  are  presented  for  composites  consisting  of  alumina  fibers  in  a  two- 
phase  matrix  of  alumina  and  LaP04.  Weak  interfaces  also  lead  to  machinable 
ceramics  in  two  phase  systems  of  monazite  or  xenotime  and  useful  oxides  such  as 
mullite,  alumina  and  zirconia.  More  surprisingly,  it  was  discovered  that  pure 
monazite  is  machinable. 


1.  Introduction 

CMCs  are  considered  for  many  uses  in  engines,  filters,  etc.  in  attempts  to 
wrest  a  few  percent  more  useful  energy  from,  oil,  coal  and  gas.  Previous  ceramic 
composites  have  relied  on  carbon  or  boron  nitride  fiber  coatings  to  prevent  brittle 
failure  and  are  thus  severely  limited  by  degradation  in  high  temperature  oxidizing 
environments.  In  recent  attempts  to  overcome  this  limitation,  several  all-oxide 
composite  systems  (such  as  aluminum  oxide  fibers  and  matrix)  have  been  explored1'*. 

For  a  coating  on  alumina  fibers  to  operate  successfully  in  an  alumina  matrix 
composite  at  high  temperature  we  need:  1)  chemical  compatibility,  2)  morphological 
compatibility,  3)  refractoriness,  4)  stability  in  oxidizing  and  preferably  also  in 
slightly  reducing  atmosphere,  5)  stability  in  water  vapor  and  carbon  dioxide 
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environments  and,  perhaps,  other  even  more  corrosive  situations  and  6)  weak 
interfaces  capable  of  debonding;  this  is  an  extremely  demanding  set  of  requirements. 

Alumina,  an  amphoteric  (exhibiting  both  basic  and  acidic  properties)  oxide, 
is  phase  compatible  (viz.,  does  not  chemically  react)  with  very  few  simple  oxides.  It 
readily  reacts  with  either  basic  or  acidic  oxides,  ruling  out  simple  oxides  of  elements 
on  the  left-  or  right-hand  sides  of  the  conventional  periodic  table.  This  leaves  only  a 
few  oxides  of  elements  towards  the  lower  center  of  the  table,  such  as  Sn02,  Zr02 
(and  HfOJ,  Ti02  (below  1420°C),  and  a  few  other  more  complicated  choices,  such 
as  the  P-alumina/magnetoplumbite  family1.  In  this  group  we  observed*  some, 
perhaps  surmountable,  morphological  problems;  this  system  has  since  attracted  the 
attention  of  others2,9. 

A  few  choices  exist,  however,  in  other  mixed  oxides,  especially  where  an 
element  from  the  left  (basic)  side  of  the  periodic  table  and  an  element  from  the  right 
(acidic)  side  form  a  neutral  mixed  oxide.  During  preliminary  scoping  tests  of  this 
kind  of  idea,  it  rapidly  became  apparent  that  (La)-monazite,  originally  discussed  in 
ref.  I  and  hereinafter  referred  to  simply  as  monazite,  was  in  a  class  of  its  own  in 
terms  of  its  favorable  physical  properties  and  the  nature  of  its  interface  with  alumina. 
Monazite  is  non-toxic;  almost  completely  insoluble  in  water,  dilute  acids  and  bases; 
refractory,  MP  2072  ±20°C10  (higher  than  alumina)  with  no  decomposition  up  to  the 
melting  point;  and  is  not  as  easily  reduced  as  Sn02n,  which  also  suffers  from 
volatility  at  high  temperature. 

LaPQ4  is  monoclinic12.  Phosphorus  is  4-coordinated  in  a  distorted 
tetrahedral  environment;  La  is  nine-coordinated  by  O  in  an  unusual  arrangement; 
while  O  is  3-  or  4-coordinated  to  2  or  3  La  and  1  P.  It  is  a  well-known,  commercially 
important  mineral;  its  occurrence  in  rocks  has  been  discussed  earlier13. 

Although  nature  has  performed  innumerable  phase  stability  experiments, 
only  recently  have  a  few  studies  of  monazite  phase  diagrams  been  done  by  few 
people.14-16  “Phase  Diagrams  for  Ceramists”17  contains  less  than  a  handful  of 
diagrams  involving  monazite,  part  of  a  dearth  of  diagrams  for  rare  earth  oxide 
systems  in  general;  this  seems  a  curious  oversight  for  such  refractoiy  materials  with 
possible  uses.  The  potential  use  of  monazite  as  a  radioactive  waste  encapsulant  has 
not,  however,  escaped  attention1*.  The  sintering  and  some  thermophysical  properties 
of  (Ce)-monazite  (CeP04)  for  possible  high  temperature  applications  have  been 
reported  by  Hikichi  et  al19. 

We  have  also  found  that  LaP04  is  a  suitable  oxidation  resistant  interphase 
for  ceramic  composites  containing  alumina  as  both  the  matrix  and  the 
reinforcement.1,13  In  a  “closed”  system,  monazite  is  believed  to  be  phase  compatible 
with  alumina  up  to  the  eutectic  melting  point,  which  appears  to  be  >  1750°C  in  air. 
Fully  dense,  fine  grained,  diphasic,  mixtures  of  refractory  oxides  (e.g.,  A1203,  ZK)2, 
miilite)  and  rare-earth  phosphates  (e.g.,  LaPQ4,  CeP04),  should  be  machinable  as 
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easy  material  removal  should  occur  by  formation  and  linking  of  cracks  at  the  weak 
interfaces  between  the  two  phases.  As  these  materials  are  all  stable  to  very  high 
temperatures  in  oxidizing  environments  (>1600°C),  they  offer  the  potential  to  tailor 
microstructures  with  ranges  of  hardness,  elastic  properties,  and  thermal  conductivity 
way  beyond  the  ranges  achievable  with  other  machinable  ceramics. 


2.  Potential  Interphase  Systems 

2.1  LAYERED  OXIDE  CRYSTAL  STRUCTURES 

The  use  of  crystal  structures  with  easy  cleavage  planes  has  been  explored  as 
interphases  that  allow  debonding.  The  first  attempts  used  fluorophlogopite  mica.7 
Although  adequate  debonding  was  achieved,  high  temperature  stability  was 
compromised  by  reactions  of  the  fluorophlogopite  with  alumina  and  mullite.  Of 
more  interest  were  the  p-alumina/magnetoplumbite  family  of  layer  structures,  which 
are  compatible  with  alumina  and  stable  to  temperatures  up  to  1800°C.1 

Debonding  and  compatibility  have  been  demonstrated  in  several 
systems1*2’7'20'23  (e.g.,  Na^O-P^aluraina,  BaMg2AlJ6027,  KMg2Alls025,  LaAlnO,g 
and  CaAll2Ol9).  The  main  obstacles  remaining  involve  morphology.  Some  success 
has  been  achieved  in  grain  alignment;2’7'20'22  the  degree  of  alignment  must  be  perfect 
over  distances  equal  to  the  required  pull-out  length  (isolated  grains  oriented  normal 
to  a  fiber  have  been  observed  to  grow  into  the  fiber  and  act  as  effective  sites  for 
deflecting  a  debond  crack  into  the  fiber). 

2.2  WEAK  INTERFACES 

Two  systems  have  been  found  in  which  the  bond  between  the  interphase 
and  die  fibers  is  intrinsically  weak,  with  toughnesses  sufficiently  low  that  debonding 
prevents  growth  of  a  crack  across  the  interface.  One  is  tin  dioxide,  which  has  been 
shown  to  provide  a  diffusion  barrier  and  weak  interface  between  glass  or  alumina 
materials  and  alumina  fibers  (both  polycrystalline  and  single  crystal).4'5  However,  a 
limitation  of  this  system  is  that  it  could  never  be  exposed  to  an  even  slightly 
reducing  environment  as  the  eutectic  melting  point  of  the  Sn-Sn02  system  is  low 
(1080°C)” 

The  other  group  of  interphases  are  the  rare  earth  phosphates  that  form  the 
monazite  and  xenotime  structures.  The  interfaces  between  these  compounds  and 
various  refractory  oxides  are  sufficiently  weak  to  allow  debond ing13’24'26.  This, 
combined  with  their  phase  compatibility,  high  melting  points  (many  over  2000°C) 
and  corrosion  resistance,  make  them  appealing  as  components  of  refractory  oxide 
composites.  Material  combinations  for  which  weak  bonding  and  phase  compatibility 
have  been  demonstrated  (at  least  in  closed  systems)  include:  (1)  LaP04/Al203,  the 
first  monazite-based  system  for  which  debonding  was  observed13*26  (provided  the 
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stoichiometry  of  the  LaPO,  is  1:1,  this  system  has  been  shown  to  be  phase 
compatible  and  morphologically  stable  for  long  periods  at  temperatures  at  least  as 
high  as  1600°C);  (2)  LaP04  with  Y-stabilized  zirconia,25  (3)  CeP04  with  Ce- 
stabilized  zirconia26;  (4)  LaPO,  with  mullite27,  and  (5)  YP04  with  YAG.2*-29  Very 
recently  a  few  other  AB04  structures  such  as  CaW04  (scheelite)  have  een 
proposed  as  weak  interfaces  and  look  promising  for  lower  temperature  uses. 

2.3  POROUS  INTERPHASES  OR  POROUS  MATRIX 


Several  research  groups  are  exploring  an  approach  that  relies  on  debonding 
within  a  weak  fiber  coating  rather  than  at  an  interface,  with  the  weakness  being 
induced  by  controlled  porosity  within  the  coating.6’31 35  In  this  case,  the  interphase 
material  itself  may  bond  strongly  to  the  matrix  and  fiber.  Examples  include  porous 
interphases  of  Zr02  or  A1203  in  composites  consisting  of  A1203  fibers  and  A1203 
matrix.  Although  debonding  has  been  demonstrated  in  such  systems,  several 
concerns  remain.  One  is  the  extent  to  which  fiber  strength  is  degraded  by  regions  of 
coating  that  bond  strongly  to  the  fiber  and  by  impurities  that  form  other  phases 
which  affect  this  or  cause  defects  in  the  fibers.  Another  relates  to  the  roughness  of 
the  debonded  region  and  the  degree  of  pull  out  achievable.  Both  are  u  principle 
controllable  to  some  extent  by  controlling  the  size  scale  and  volume  fraction  of  the 
porosity.  However,  a  limitation  of  very  fine  scale  porosity  is  its  tendency  to  coarsen 
at  high  temperatures.  Some  success  has  been  achieved  with  oxide  composite-  e.  *th 
porous  matrices,  in  which  the  notion  of  requiring  debonding  of  individual  fibers  is 
abandoned,  and  instead  damage  tolerance  and  notch  insensitivity  are  achieved  by 
splitting  within  the  porous  matrix,  in  regions  that  are  matrix-rich,  i.e.,  between  fiber 
tows  in  woven  composites  and  in  regions  with  random  fluctuations  of  fiber  density 
in  unidirectional  composites.8-34  Less-catastrophic,  wood-like  fracture  has  been 
observed  in  such  composites  (examples  include  composites  with  A1203  fibers  and 
porous  mullite,  alumina,  silicon  nitride,  or  A1P04  matrices). 


3.  Interfacial  Debonding 

3.1  OBSERVATIONS  OF  DEBONDING  IN  LaPG4  -  CONTAINING  SYSTEMS 

Examples  of  debonding  associated  with  LaP04  in  several  systems  are 
shown  in  Fig.  1.  The  alumina-sapphire  system  of  Fig.  1(a)  was  fabricated  by  packing 
sapphire  fibers  that  had  been  slurry  coated  with  LaP04  in  alumina  powder  and  hot 
pressing  at  1400°C.  The  cracks  at  the  bottom  of  the  micrograph  were  generated  by  a 
Vickers  indentation  located  in  the  matrix  just  beneath  the  field  of  view.  In  Fig.  1(b)  a 
thin  layer  of  LaP04  sandwiched  between  polycrystalline  alumina  shows  that 
debonding  occurs  even  for  relatively  irregular  interfaces  that  must  exist  in 
polycrystalline  systems.  Fig.  1(c)  shows  a  Vickers  indentation  in  a  multilayered 
composite  consisting  of  alternating  layers  of  LaP04  and  two-phase  alumina/yttria- 
partially  stabilized  zirconia.  The  composite  was  fabricated  by  sequential  slip  casting. 


followed  by  sintering  at  1600°C.  The  LaPO,  layers  are  evidently  able  to  contain  very 
severe  damage  due  to  indentation. 


(a) 


Fig.  1.  Scanning  electron  micro¬ 

graphs  showing:  (a)  Debonding  at 
LaPO,,  -  sapphire  interface.  Coated 
sapphire  fiber  in  poly-crystalline 
alumina  matrix,  hot  pressed 

1400°C  for  1  h.  Crack  produced  by 
Vickers  inden-tation  located  below 
the  field  of  view,  from  ref.  13. 

(b)  Debonding  at  thin  layer  of 
LaP04  in  polycrystalline  alumina, 
from  ref.  25. 

(c)  Cracking  and  debonding  in 
layers  of  LaPO,  in  poly-crystalline, 
diphasic  Al203/Y-Zr02,  from  ref. 
25. 


3.2  MECHANICS  OF  DEBONDING 
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A  general  observation  is  that  cracks  are  able  to  pass  from  alumina  or 
zirconia-based  materials  into  LaP04  without  causing  interfacial  debonding. 
However,  cracks  growing  in  the  opposite  direction  cause  debonding  and  are  unable 
to  cross  the  interface.  This  behavior,  which  is  clearly  evident  in  Figs.  1(a)  and  (c),  is 
consistent  with  measured  toughnesses  and  the  debonding  behavior  predicted  by  the 
analysis  of  He  and  Hutchinson.’6  They  define  a  critical  value  of  the  ratio  of  the 
toughnesses  of  the  interface  and  the  material  into  which  the  crack  is  about  to  grow 
(Fig.  2).  If  the  toughness  ratio  for  a  particular  system  falls  above  the  critical  value, 
the  cracks  grow  through  the  interface,  whereas  if  the  toughness  ratio  falls  below  the 
critical  value,  debonding  occurs.  The  critical  value  depends  on  the  elastic  mismatch 
parameter,  a  =  (E'2  -  E',)/(  E'2  +  E',),  where  E',  and  E'2are  the  plane-strain  Young’s 
moduli  for  the  two  materials,  as  shown  in  Fig.  2. 


Fig.  2.  Comparison  of  measured  fracture  toughnesses  with  the  debond  criterion  of 
He  and  Hutchinson,36  from  ref.  25. 


Measured  values  of  the  toughness  ratio  for  various  combinations  of  materials 
(LaPO„  with  A1203  Y-Zr02  and  Al203/Y-Zr02)  are  shown  in  Fig.  2.  Values  on  the  right 

half  of  this  figure  (i.e.,  positive  a),  which  fall  below  the  critical  curve,  correspond  to 
cracks  growing  from  LaPO*  to  the  other  material,  while  values  to  the  left  (negative  a), 
which  fall  above  the  critical  curve,  correspond  to  cracks  growing  from  the  other 
material  to  the  LaP(\  The  measured  values  used  in  these  calculations  are  given  in 

Table  1.  The  results  are  in  agreement  with  the  observed  cracking  behavior. 
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Table  I  -  Material  Properties 


Material 

Young’s 

Modulus 

E(GPa) 

Fracture 

Energy 

(J/m2) 

Interface  Fracture 
Energy  (J/m2) 

LaP04 

133 

7 

AIA 

400 

4 

Y-Zr02 

200 

7 

Al20j/Y-Zr02  (1:1) 

300 

7 

Also  shown  for  comparison  in  Fig.  2  is  an  estimated  toughness  ratio  for  a  P- 
alumina  coating  in  alumina.  The  toughnesses  in  this  case  were  estimated  from 
measurements  on  single  crystal  specimens,  using  the  lengths  of  indentation  cracks 
growing  normal  and  parallel  to  die  weak  layers  in  polished  cross  sections  normal  to 
the  weak  layers.  The  toughness  ratio  estimated  in  this  manner  (0.01)  is  much  lower 
than  for  the  LaP04  based  systems.  The  difficulties  associated  with  alignment  of  the 
P-alumina  grains  along  the  fibers  and  continued  debonding  and  sliding,  have  been 
addressed  by  others.21 

A  complete  analysis  of  debonding  in  these  systems  would  also  include 
analysis  of  the  influence  of  residual  stresses,  which  have  the  effect  of  shifting  the 
critical  curve  in  Fig.  2.36  This  requires  knowledge  of  component  geometry,  and  is 
also  dependent  on  the  presence  of  flaws  in  the  layers  and  interfaces.  Nevertheless, 
qualitative  trends  can  be  easily  estimated  from  known  thermal  expansion 
coefficients.  Since  the  thermal  expansion  coefficient  of  LaPC>4  is  almost  identical  to 
that  of  Zr02  and  higher  than  that  of  A1203,  the  stresses  parallel  to  a  LaP04  coating  in 
alumina-containing  systems  are  tensile  in  the  LaP04  and  compressive  in  the  other 
material.  Therefore,  the  tendency  for  a  crack  to  penetrate  the  interface  when  growing 
towards  the  LaP04  layer  is  enhanced  (i.e.  the  critical  curve  in  Fig.  2  for  a  <  0  is 
lowered),  whereas  the  tendency  for  debonding  is  enhanced  when  the  crack 
approaches  the  interface  from  within  the  LaP04  layer  (i.e.,  the  critical  curve  for  a  > 
0  is  raised). 


4*  Composites  of  LaP04  and  A1203 

Several  research  groups  are  developing  methods  for  coating  fibers  with 
LaP04  using  CVD,  PVD  and  liquid  precursors.  Here  we  present  composite 
fabrication  studies  using  aqueous  solution  precursors  with  polycrystalline  alumina 
tow  fibers. 

Processing  temperatures  for  composites  containing  currently  available 
polyciystalline  alumina  fibers  are  limited  to  <  1200°C  in  order  to  avoid  grain  growth 
and  strength  loss  in  the  fibers.  After  heat  treatments  to  these  temperatures,  for  times 
up  to  several  hours,  various  monazite  precursors  have  been  found  to  sinter  to  fine 
grained  (-100  to  300  nm)  polycrystalline  films,  as  shown  in  Fig.  3(a). 


(b) 

Fig.  3.  Scanning  electron  micrographs 
showing  coating  and  infiltration 
of  LaP04  from  solution 
precursors  (with  sintering  at 
1200°C  for  I  hour):  (a)  LaPO< 
coating  (light  phase)  on  alumina 
fiber  (darker  phase).  Sintered 
surface,  (b)  Infiltration  of  LaP04 
in  alumina  fiber  tow.  Polished 
cross  section,  (c)  Infiltration  of 
LaP04  (low  concen-tration)  in 
alumino-silicate  fiber  tow 
(Nextel  440).  Polished  cross 
section  from  ref.  20 


When  infiltrating  fiber  tows,  the  amount  of  monazite  within  the  tows  can  be 
varied  over  a  wide  range  by  controlling  the  concentration  of  the  solution  and  the 
infiltration  conditions  (Fig.  3(b)).  However,  the  fibers  are  invariably  separated  by  a 
layer  of  monazite  after  heat  treatment,  even  when  the  concentration  of  monazite  is 
very  low.  An  example  is  shown  in  Fig.  3(c):  monazite  film  thicknesses  as  small  as  50 
nm  have  been  observed,  whereas  examples  of  touching  fibers  could  not  be  found. 

Fiber  tows  and  fabrics  (Nextel  610  from  3M  Company)  have  also  been 
infiltrated  with  slurries  consisting  of  dispersed  alumina  (99.99%  a-alumina,  AKP30, 
from  Sumitomo)  and  monazite  precursor  solutions.  The  resulting  two-phase 
alumina-monazite  matrix,  after  sintering  at  I200°C  for  1  h,  consists  of  separate 
grains  of  alumina  and  monazite,  both  with  dimensions  smaller  than  500  nm,  with 
fine  scale  porosity  between  the  grains  (Fig.  4(a)).  The  alumina  grains  in  the  matrix 
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are  apparently  always  separated  from  the  fibers  by  monazite,  in  the  same  manner  as 
the  fibers  are  separated  from  each  other,  as  in  Fig.  4(b). 


Fig.  4.  Scanning  electron  micrographs  from  composite  containing  alumina  fibers 
and  alumina-monazite  matrix  (back-scattered  electron  images:  lighter  phase 
is  monazite):  (a)  As-sintered  surface  of  matrix  and  (b)  Polished  cross- 
section  from  ref.  20 

Unidirectional  composites  with  the  alumina-monazite  matrix  have  been 
formed  by  filament  winding,  with  the  alumina  fiber  tows  passing  through  the  slurry 
immediately  before  being  wound  onto  a  drum.  After  drying,  the  composite  was 
sintered  at  1200°C  in  air  for  1  h.  Beams  of  the  composite  (5x4x60  mm)  were  loaded 
in  flexure  using  four-point  loading  spans  of  50  mm  and  5  mm.  The  resulting  load- 
deflection  curve  is  non-linear  with  a  gradual  load  drop  beyond  the  peak  (Fig.  5(a)). 
The  nominal  tensile  stress  corresponding  to  the  peak  load  in  Fig.  5(a)  is,  within  a 
rough  estimate,  consistent  with  the  tensile  strength  having  been  dictated  by  the  fiber 
bundle  strength:  the  fiber  volume  fraction  is  approximately  10%,  while  the  early 
experimental  batch  of  Nextel  610  fiber  bundle  strength  measured  independently  was 
approximately  1 .5  Gpa,  strengths  of  current  production  fibers  are  higher.  • 

The  damage  in  the  composite  of  Fig.  5  involved  extensive  cracking  and 
chipping  of  the  matrix,  leaving  a  fibrous,  btush-like  damage  zone.  The  bearn 
remained  intact  even  after  the  load  had  dropped  to  less  than  10%  of  the  peak  load 
(Fig.  5(b)).  Debonding  and  sliding  of  individual  fibers  was  evident  throughout  the 

damage  zone  (Fig.  5(c)). 
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DISPLACEMENT  (pm) 

(a) 


Fig.  5.  (a)  Nominal  stress-strain 
response  of  alumina-monazite 
matrix  composite  in  flexure; 
(b)  Test  specimen  from  (a) 
and  (c)  Scanning  electron 
micrograph  from  (b)  showing 
fiber  debonding  and  sliding 
from  ref.  25. 


5.  Machinability 

All  the  mixtures  of  refractory  oxides,  A1203,  Zr02  and  mullite  with  the  rare- 
earth  phosphates  LaP04  and  CeP04  could  be  drilled  using  tungsten-carbide  drills  as 
anticipated.  With  less  phospate,  drilling  forces  increased  and  drilling  rates  decreased 
for  a  fixed  load.  A  clear  increase  in  drilling  rate  with  volume  fraction  of  CeP04  was 
evident  for  the  Ce-Zr02/CeP04  composites.  For  a  given  volume  fraction  of  rare-earth 
phosphate,  the  ease  of  drilling  is  greatest  in  the  Ce-ZrO/CePC^  system,  intermediate 
in  the  a!umina/LaP04  system,  and  least  in  the  mullite/LaP04  system.  Most  of  the 
results  showed  a  nonlinear  dependence  of  drilling  rate  on  force. 

In  all  of  the  materials  containing  CeP04  and  LaP04,  departure  from  a  linear 
Hertzian  response  occurs  at  pressures  substantially  below  the  Vickers  hardness  and 
is  similar  to  previously  published  measurements  on  ceramic  materials,  including 
machinable  glass  ceramics,  that  experience  distributed  damage,39*43  with  a  permanent 
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depression  left  at  the  contact  site  similar  to  observations  of  Lawn  and  co-workers' 
in  materials  that  contain  heterogeneities  and  weak  interphase  boundaries. 


6.  Discussion 

Naturally  the  basic  question  arises  as  to  why  monazite  bonds  so  weakly  to 
some  other  oxides.  At  this  early  stage,  we  may  offer  only  qualitative  con^ctuKS. 
Firstly,  inspection  of  a  model  of  the  monazite  crystal  structure  indicates  that  it  has 
open  irregular  oxygen  crystal  planes,  which  show  no  readily  apparent  epitaxial 
relationship  with  those  of  the  nearly  close-packed  oxygens  of  most  conventional 
oxides;  interfaces  with  good  fits  seem  to  be  ruled  out. 

Secondly,  we  may  resort  to  a  (novel?)  use  of  Pauling’s  second  crystal  rule^ 
In  the  bulk  all  the  oxygens  in  monazite  are  bonded  to  1  phosphorus  and  2  or 
lanthanums.  Because  of  their  higher  polarizability,  which  can  reduce  the  surface  free 
energy,  we  speculate  that  oxygens  are  likely  to  terminate  the  surface,  remaining 
bonded  to  the  1  phosphorus  with  a  bond  valence  of  5/4  (valence  of  phosphorus 
divided  by  coordination).  With  likely  attachment  also  to  at  least  1  lanthanum,  a 
further  bond  valence  of  3/9  is  contributed.  This  adds  up  to  1 .58,  a  substantial  portion 
of  the  desired  valence  bond  of  2.  In  reality,  bonds  near  the  surface  would  shorten  to 
increase  the  valence  bond  further  and  attachment  to  another  lanthanum,  which 
sometimes  appears  possible  from  the  crystal  structure,  would  essentially  almost 
satisfy  the  oxygen  requirement. 

We  conjecture  that  the  weak  bonding  across  the  interface  to  some  oxides 
may  be  related  to  the  particular  crystal  structure,  with  a  lack  of  epitaxy  and  the 
presence  of  the  high  valent  ion,  P5\  with  a  low  coordination  of  4,  which  alone  can 
satisfy  a  large  portion  of  the  valence  bond  to  interface  oxygen  from  within  the 
monazite.  The  fact  that  xenotime  and  scheelite  seem  also  to  work  may  support  t  is 
idea. 


7.  Conclusions 

Several  potentially  viable  approaches  exist  for  introducing  damage-tolerant 
behavior  in  oxide  composites:  fiber  coatings  of  monazite,  fiber  coatings  of  layere 
oxides,  or  porous  coatings  (or  porous  matrix).  All  have  been  shown  to  allow  the 
necessary  fiber  debonding;  while  damage-tolerant  fiber  reinforced  composites  have 
been  demonstrated  in  monazite-alumina  systems  and  in  several  porous  matrix 
systems  Monazite-based  systems  are  especially  appealing  in  view  of  their  long-term 
high-temperature  microstructural  stability.  Such  composites  are  at  an  early  stage  of 
development,  and  advances  are  needed  in  fiber  coating  methods,  development  of 
improved  oxide  fibers  (especially  creep  resistance)  and  development  of  methods  of 
matrix  fabrication. 
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Evidence  for  the  possibility  that,  in  two-phase  mixtures  of  oxides  and  rare  earth 
phosphates,  easy  material  removal  should  occur  by  formation  and  linking  of  cracks 
at  the  weak  interfaces  between  the  two  phases,  and  that  this  should  lead  to 
|machinability,  was  found.  Alumina,  zirconia,  and  mullite  can  be  rendered 
“machinable”  by  the  addition  of  finely  dispersed  rare-earth  phosphates,  in  amounts 
at  least  as  small  as  20  volume  percent.  But,  as  nominally  single-phase  LaPO<  was 
also  found  to  be  machinable,  interfacial  debonding  cannot  be  the  only  mechanism 
involved.  Another  possible  mechanism  'is  that  associated  with  the  deformation 
observed  within  individual  grains  of  LaP04  beneath  Hertzian  contacts. 


Acknowledgments 

Work  on  a-alumina/monazite  and  the  initial  discovery  of  machinability  was 
funded  by  the  US  Office  Naval  Research,  Contract  N00014-95-C-0 157,  monitored 
by  Dr.  S.  Fishman.  Work  on  zirconia/monazite  and  later  work  on  the  machinability 
was  funded  by  the  Air  Force  Office  of  Scientific  Research  under  contract  F49620- 
96-C-0026  monitored  by  Dr.  A.  Pechenik. 


References 

1.  P.E.D.  Morgan  and  D.B.  Marshall,  “Functional  Interfaces  for  Oxide/Oxide 
Composites,”  Mat.  Sci.  Eng.,  A162  [1-2]  15-25  (1993). 

2.  M.K.  Cinibulk,  “Magnetoplumbite  Compounds  as  a  Fiber  Coating  for 
Oxide-Oxide  Composites,”  Ceram.  Eng.  and  Sci.  Proc.,  15  [5]  721-28 
(1994). 

3.  J.B.  Davis,  J.P.A.  Lofvander,  A.G.  Evans,  E.  Bischoff  and  M.L.  Emiliani, 
“Fiber  Coating  Concepts  for  Brittle  Matrix  Composites,”  J.  Am.  Ceram. 
Soc.  76  [5]  249-57  (1993). 

4.  A.  Maheshwari,  K.K.  Chawla  and  T.A.  Michalske/’Behavior  of  Interface  in 
Alumina/glass  Composite,”  Mater.  Sci.  Eng.  A107  269-76  (1989). 

5.  R.  Venkatesh  and  K.K.  Chawla,  “Effect  of  Interfacial  Roughness  on  Fiber 
Pullout  in  Alumina/Sn02/glass  Composites,”  J.  Mat.  Sci.  Lett.,  11  650-52 
(1992) 

6.  M.H.  Jasowiak,  J.l.  Eldridge,  J.B.  Hurst  and  LA.  Setlock,  “Interfacial 
Coatings  for  Sapphire/Al203 ,”  in  High  Temp  Review  1991  NASA 
Conference  Publication  10082  (1991)  p.  84. 

7.  R.F.  Cooper  and  P.C.  Hall,  “Reactions  Between  Synthetic  Mica  and  Simple 
Oxide  Compounds  with  Application  to  Oxidation-Resistant  Ceramic 
Composite,”  J.  Am.  Ceram.  Soc.  76  [5]  1265-73  (1993). 

8.  W.C.  Tu,  F.F.  Lange  and  A.G.  Evans,  “A  Novel,  Damage-Tolerant  Ceramic 
Composite  (Synthetic  High  Temperature  Wood),”  J.  Am.  Ceram.  Soc.  79 
417-24(1996). 


9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 


24! 

P.W.  Brown,  “MOCVD  of  Beta- Alumina,”  Ceram.  Eng.  and  Sci.  Proc.,  15 
[5]  729-30  (1994). 

Y.  Hikichi  and  T.  Nomura,  “Melting  Temperatures  of  Monaztte  and 
Xenotime”,  J.  Am.  Ceram.  Soc.,  70  [1]  C-252-53  (1987). 

P.E.D.  Morgan  and  R.M.  Housley,  “Some  Effects  of  Eutectic  Liquid  Under 
Reducing  Conditions  in  the  Alumina-Tin  Dioxide-Tin  Composite  System,” 

J.  Am.  Ceram.  Soc.,  78  263-65  (1995). 

D.F.  Mullica,  W.O.  Milligan,  D.A.  Grossie,  G.W.  Beall  and  L.A.  Boatner, 
“Ninefold  Coordination  in  LaP04:  Pentagonal  Interpenetrating  Tetrahedral 
Polyhedron,”  Inorg.  Chim.  Acta,  95  231-36  (1984). 

P.E.D.  Morgan,  and  D.B.  Marshall,  “Ceramic  Composites  of  Monazite  and 
Alumina”,  J.  Am.  Ceram.  Soc  78  1553  -  63  (1995). 

W.  Jungowska  and  T.  Znamierowska,  “Phase  Equilibria  in  a  Portion  of  the 
System  La20,-K20-P205  Rich  in  P2Os,”  Mat.  Chem.  &  Phys.,  24  487-94 
(1990). 

W.  Jungowska  and  T.  Znamierowska,  “The  System  LaP04-KPOj-La(POj) 

3”  Mat.  Chem.  &  Phys..  27  109-16  (1991). 

W.  Jungowska  and  T.  Znamierowska,  “The  System  LaP04-K4P207-KP0j,” 

J.  Therm.  Anal.,  39  715-20  (1993). 

Phase  Diagrams  for  Ceramists,  publ.  by  NIST/Am.  Ceram.  Soc. 

L. A.  Boatner  and  B.C.  Sales,  “Monazite”,  chapter  8,  pp.  495-563  in 
Radioactive  Waste  Forms  for  the  Future,  Eds  W.  Lutze  and  R.  C.  Ewing, 
North-Holland,  New  York  1988. 

Y.  Hikichi,  T.  Nomura,  Y.  Tanimura  and  S.  Suzuki,  “Sintering  and 
Properties  of  Monazite-type  CeP04,”  J.  Am.  Ceram.  Soc.,  73  [12]  3594-96 
(1990). 

P.E.D.  Morgan  and  D.B.  Marshall,  “Composites  of  Monazite  and  Alumina 
for  High  Temperature  Oxidizing  Environments”,  J.  Am.  Ceram.  Soc,  in 
press. 

M. K.  Cinibulk,  R.S.  Hay,  “Textured  magnetoplumbite  fiber-matrix 
interphase  derived  from  sol-gel  fiber  coatings  ,  J.  Am.  Ceram.  Soc.  79 
1233-46  (1996). 

D.B.  Marshall,  P.E.D.  Morgan  and  R.M.  Housley,  J.  Am.  Ceram  Soc.  (in 
preparation). 

M.  K.  Cinibulk,  “Synthesis  and  characterization  of  sol-gel  derived 
lanthanum  hexaaluminate  powders  and  films”,  J.  Mater.  Res .  10  71-76 
(1995). 

M.H.  Lewis,  M.G.  Cain,  P.  Doleman,  A.G.  Razzell  and  J.  Gent, 
“Development  of  Interfaces  in  Oxide  and  Silicate-Matrix  Composites  , 
Ceramic  Transactions  58  41-52  (1995). 

D.B.  Marshall,  P.E.D.  Morgan  and  R.M.  Housley,  “Debonding  in 
Multilayered  Composites  of  Zirconia  and  LaP04”  J.  Am.  Ceram.  Soc.  80 
1677-83  (1997) 


242 


26.  P.E.D.  Morgan  D.B.  Marshall  and  R.M.  Housley,  “High  Temperature 
Stability  of  Monazite-Alumina  Composites”,  J.  Mat .  Sci.  Eng .  A195  215  - 
22(1995). 

27.  J.  B.  Davis,  P.E.D.  Morgan,  D.B.  Marshall,  R.M.  Housley,  “Machinable 
Ceramics  Containing  Rare  Earth  Phosphates”,  J l  Am.  Ceram.  Soc .  (in 
press). 

28.  D.-H.  Kuo  and  W.M.  Kriven,  “Chemical  Stability,  Microstructure,  and 
Mechanical  Behavior  of  LaP04-Containing  Ceramics”  Materials  Science 
and  Engineering  A210  123-34(1996). 

29.  D.-H.  Kuo  and  W.M.  Kriven,  “Characterization  of  Yttrium  Phosphate  and  a 
Yttrium  Phosphate/Yttrium  Aluminate  Laminate”,  J.  Am.  Ceram .  Soc.  78 
3121-24(1995). 

30.  R.W.  Goettler,  S.  Sambasivan  and  V.P.  Dravid,  “Isotropic  Complex  Oxides 
as  Fiber  Coatings  for  Oxide-Oxide  CFCC,"  presented  at  the  21st  Annual 
Cocoa  Beach  Conf.  on  Composites,  etc.  Cocoa  Beach,  FL.,  Jan.  12-16, 
1997,  in  press:  Ceram.  Eng.  Sci.  Proc. 

31.  T.  Mah,  K.  Keller  and  T.A.  Parthasarathy,  J.  Guth,  “Fugitive  Interface 
Coating  In  Oxide-Oxide  Composites:  A  Viability  Study”,  Ceram.  Eng :  Sci. 
Proc.  12  1802-15(1991). 

32.  J.B.  Davis,  J.P.A.  Lofvander,  A.G.  Evans,  E.  Bischoff  and  M.L.  Emiliani, 
“Fiber  Coating  Concepts  For  Brittle  Matrix  Composites”,  J.  Am.  Ceram. 
Soc.  16  1249-57  (1993). 

33.  J.B.  Davis,  J.  Yang  and  A.G.  Evans,  “Effects  of  Composite  Processing  on 
the  Strength  of  Sapphire  Fiber-reinforced  Composites”,  Acta  Met.  43  259- 
68(1995). 

34.  F.F.  Lange,  W.-C.  Tu  and  A.  G.  Evans,  “Processing  of  Damage-tolerant, 
Oxidation-resistant,  Ceramic  Matrix  Composites  by  a  Precursor  Infiltration 
and  Pyrolysis  Method”,  Mater.  Sci.  Eng .  A 195  145-50  (1995). 

35.  W.P.  Keith  and  K.T.  Kedward,  “Shear  Damage  Mechanisms  in  a  Woven, 
Nicalon-Reinforced  Ceramic  Matrix  Composite”,  J.  Am.  Ceram.  Soc.  80 
357-64(1997). 

36.  M.-Y.  He  bnd  J.  W.  Hutchinson,  “Crack  Deflection  at  an  Interface  Between 
Dissimilar  Materials”,  Int.  J.  Solids  Struct.  25  1053-67  (1989). 

37.  T.L.  Tompkins,  “Ceramic  Oxide  Fibers:  Building  Blocks  for  New 
Applications”,  Ceramic  Industry,  144  45-50  (1995). 

38.  Wilson,  D.C.  Lueneburg  and  S.L.  Lieder,  “High  Temperature  Properties  of 
Nextel  610  alumina-based  nanocomposite  fibers”,  Ceram.  Eng.  Sci.  Proc. 
14  609-21  (1993). 

39.  F.  Guiberteau,  N.  P.  Padture  and  B.  R.  Lawn,  “Effect  of  Grain  Size  on 
Hertzian  Contact  in  Alumina,”  J.  Am.  Ceram.  Soc.t  77[7]  1825-31  (1994). 

40.  H.  Cai,  M.  A.  S.  Kalceffand  B.  R.  Lawn,  “Deformation  and  Fracture  of 
Mica-Containing  Glass-Ceramics  in  Hertzian  Contacts  ”  J.  Materials 
Research  9[3]  762-70  (1994). 


243 


41.  H.  H.  K.  Xu,  L.  Wei,  N.  P.  Padture  and  B.  R.  Lawn,  “Effect  of 
Microstructura!  Coarsening  on  Hertzian  Contact  Damage  in  Silicon 
Nitride,”  J  Mater.  Sci.,  in  press  (1996). 

42.  N.  P.  Padture  and  B.  R-  Lawn,  “Toughness  Properties  of  a  Silicon  Carbide 
With  an  In-Situ-Induced  Heterogeneous  Grain  Structure,”  J.  Am.  Ceram. 
Soc.,  (in  press). 

43.  B.  R.  Lawn,  N.  P.  Padture,  H.  Cai  and  F.  Guiberteau,  “Making  Ceramics 
“Ductile”,”  Science,  263  1 1 14-16  (1994). 


F4620-96-C-0026 

71123 


7.0  Recent  Advances  in  Oxide-Oxide  Composite  Technology 


by  Evans,  A.  G.,  Marshall,  D.  B.,  Zok,  F.,  Levi,  C. 


The  following  section  is  a  paper  published  in  Advanced  Composite  Materials,  8[N1]  17-23 
(1999) 


13 


fN  Rockwell 
Scientific 


p  n/v  ' 


Adv.  Composite  Mater.,  Vol.  8,  No.  I,  pp.  17  23  (1999) 
©  VSP  1999. 


Recent  advances  in  oxide — oxide  composite  technology 

A.  G.  EVANS  *,  D.  B.  MARSHALL2,  F.  ZOK3  and  C.  LEVI3 

1  Division  of  Engineering  and  Applied  Sciences,  Harvard  University,  Cambridge,  MA  02138,  USA 

2  Rockwell  International,  Thousand  Oaks,  CA  93610,  USA 

3  Materials,  University  of  California,  Santa  Barbara,  CA  93106,  USA 


1.  BACKGROUND 

It  is  now  well-documented  that  SiC  and  C-based  ceramic  matrix  composites 
(CMCs)  are  susceptible  to  embrittlement  at  intermediate  temperatures  (700-900  C). 
the  so  called  ‘Pest  Effect’  (Fig.  1).  It  is  caused  by  the  ingress  of  moist  air  through 
cracks  that  form  upon  thermomechanical  fatigue  (TMF).  The  consequence  is  rela¬ 
tively  short  life  above  the  matrix  cracking  stress,  <r0,  when  the  application  requires 
cycling  through  the  pest  temperature.  There  is  also  evidence  that  even  when  op¬ 
erating  below  <T0,  overloads  can  introduce  damage  that  results  in  life-limiting  pest 
failures.  While  these  problems  do  not  adversely  affect  performance  in  either  short 
life  application  (e.g.  in  rocket  engines)  or  in  space,  they  substantially  limit  applica¬ 
tions  when  long  life  is  needed,  as  in  aero  and  power  turbines,  etc.  Accordingly,  for 
these  applications,  all-oxide  CMCs  are  being  explored. 

A  substantial  technology  base  generated  on  SiC-based  CMCs  provides  general 
benchmarks  for  assessing  the  progress  being  made  with  oxide  materials.  The  most 
notable  are  as  follows: 

(i)  Themostructural  robustness  requires  that  the  material  be  capable  of  sustaining 
considerable  inelastic  strain  locally  in  the  vicinity  of  strain  concentrations,  such 
as  holes/ notches.  These  strains  redistribute  stresses  and  contribute  to  desirable 
CMC  notch  performance,  comparable  to  that  for  metals  (and  much  superior  to 
monolithic  ceramics.  Fig.  2).  Inelastic  strains  in  the  range  0.5  to  1%  achieve 
this  objective  (Fig.  2). 

(ii)  The  inelastic  strain  is  governed  by  a  combination  of  matrix  cracking  and 
frictional  slip  at  the  fiber/matrix  interfaces.  The  friction  is,  in  turn,  governed 
by  the  fiber  roughness  and  the  shear  properties  of  the  fiber  coating. 
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Figure  1.  The  oxidation  embrittlement  problem  in  SiC-based  CMCs. 


(iii)  Absent  environmental  embrittlement,  the  fatigue  threshold  is  a  substantial 
fraction  on  the  ultimate  tensile  strength  (UTS):  typically,  fi  =  0.7 -0.8. 
Fatigue  above  the  threshold  is  attributed  to  changes  in  internal  friction  at  the 
fiber/ matrix  interface. 

(iv)  The  low  interlaminar  properties  of  2D  woven/ laminated  CMCs  limit  design 
flexibility  and  cause  degradation  both  at  attachments  and  in  through-thickness 
thermal  gradients. 


2.  OXIDE  CIVIC  MATERIALS 

Two  basic  approaches  have  been  used  to  create  damage-tolerant,  oxide  CMCs.  One 
uses  a  porous  matrix  with  porosity  designed  to  provide  a  compromise  between 
in-plane  damage  tolerance  and  interlaminar  strength.  The  other  uses  a  monazite 
fiber  coating  which  can  be  designed  to  give  debonding  with  frictional  slip  at  the 
fiber/  matrix  interface. 
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Figure  2.  The  inelastic  deformation  and  notch  tolerance  of  SiC-based  CMCs. 


2.  L  Porous  matrix  materials 

The  matrix  microstructure  has  been  designed  to  have  a  sufficiently  low  toughness 
to  enable  crack  deflection  through  the  matrix  while  maintaining  enough  strength 
for  adequate  off-axis  and  interlaminar  properties.  These  seemingly  contradictory 
requirements  are  achievable  by  incorporating  a  controlled  amount  of  fine,  uniformly 
distributed  porosity.  Acceptable  matrix  performance  dictates  a  stable  and  well 
bonded  particle  network  with  substantial  void  space,  ~30%,  on  a  scale  comparable 
with  the  interparticle  spacing.  Fine  matrix  particles  are  preferred  to  enhance  packing 
density  and  uniformity  within  the  fiber  preform,  as  well  as  the  nominal  strength  of 
the  matrix.  However,  fine  particles  also  reduce  the  stability  of  the  matrix  against 
densification  during  processing  and  service,  promoting  the  formation  of  undesirable 
flaws  under  the  constraint  imposed  by  the  surrounding  fibers. 

Mullite  emerges  as  an  attractive  matrix  material  owing  to  its  excellent  creep 
resistance,  low  modulus  and,  sluggish  sintering  kinetics  below  ~  1300°C.  The 
latter  suggests  adequate  microstructural  stability  for  applications  in  the  gas  turbine 
engine  where  initial  target  wall  temperatures  are  in  the  range  ~1000  to  ~  1200°C. 
However,  it  presents  a  challenge  in  processing.  That  is,  temperatures  above 
~  1300°C  are  required  to  achieve  the  requisite  bonding  between  the  matrix  particles. 
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Yet  most  commercial  oxide  fibers  are  susceptible  to  microstructural  degradation  at 
these  temperatures. 

The  matrix  design  concept  is  depicted  in  Fig.  3.  Relatively  large  (~  l  /xm) 
mullite  particles  are  packed  between  and  within  tows  to  form  touching,  non- 
shrinking  network.  Alumina  particles  that  fit  within  the  void  spaces  of  this  network 
(~  200  nm)  are  added  in  a  proportion  limited  primarily  by  the  requisite  levels 
of  porosity.  Since  sub-micron  alumina  sinters  readily  above  800°C,  the  fine 
particles  form  bridges  between  the  larger  mullite  particles,  as  well  as  between  the 
mullite  particles  and  the  fibers,  at  processing  temperatures  which  minimize  fiber 
degradation.  Interparticle  voids  may  locally  open  owing  to  the  sintering,  but  the 
overall  matrix  is  constrained  from  shrinking  by  the  rigid  mullite  network.  The 
matrix  is  further  strengthened  by  adding  material  to  the  alumina  ‘bridges’  using 
precursor  impregnation  and  pyrolysis. 

The  damage  tolerance  of  these  materials  is  manifest  in  their  off-axis  tensile 
stress/strain  behavior  and  in  the  notch  performance.  That  is,  they  exhibit  consider¬ 
able  inelastic  strain  capability  in  the  ±45°  orientation  (Fig.  3).  Accordingly,  even 
though  they  are  essentially  linear  to  failure  in  the  0/90°  orientation,  these  materials 
exhibit  high  in-plane  damage  tolerance.  In  this  regard  they  are  ‘fiber  dominated’ 
materials,  analogous  to  C-C  and  polymer  matrix  composites. 

These  materials  are  limited  in  two  ways,  (i)  They  only  retain  long  term  damage 
tolerant  behavior  up  to  about  1200°C.  At  higher  temperatures,  sintering  of  the 
matrix  to  the  fibers  causes  embrittlement,  (ii)  The  transverse  properties  are  marginal 


Tensile  Strain,  £(%) 

Figure  3.  The  characteristics  of  oxide  CMCs  with  a  porous  matrix. 
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because  of  the  matrix  porosity.  A  3D  woven  architecture  is  needed  to  achieve 
adequate  design  flexibility. 

2.2.  Monazite  fiber  coatings 

Monazite  is  thermochemically  stable  with  Al203  and  mullite  and  moreover,  has  a 
low  interface  fracture  toughness.  Accordingly,  it  has  two  of  the  three  characteristics 
required  from  a  fiber  coating  for  an  Al203  fiber-reinforced  oxide  CMC.  By 
using  a  combination  of  mullite  and  monazite  as  a  matrix,  the  compliance  of 
the  circumventing  material  provides  the  third  characteristic;  namely,  the  requisite 
frictional  slip  response  between  the  fibers  and  matrix.  All  oxide  CMCs  of  this 
type  exhibit  notch  properties  comparable  to  SiC-based  CMCs  (Fig.  4),  while  also 
achieving  TMF  longevity  by  eliminating  the  ‘pest’  degradation  phenomenon.  These 

are  the  most  promising  CMCs  for  long  life  application. 

From  an  application  perspective,  oxide  CMCs  have  the  disadvantage  relative  to 
SiC  materials  that  their  thermal  conductivity  is  appreciably  lower.  Accordingly,  in 
high  thermal  flux  conditions,  the  material  temperatures  are  higher,  placing  greater 
demands  on  the  creep  and  creep  rupture  performance.  At  this  stage,  these  are 
the  limiting  properties  of  oxide  CMCs.  Efforts  to  increase  the  creep  resistance 
by  doping  with  rare  earths  (notably  Y203)  and  by  using  nanoparticles  are  at  the 

research  forefront. 


Figure  4.  The  performance  of  oxide  CMCs  with  a  monazite-based  fiber/ matrix  interface. 
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3.  INTERLAMINAR  PERFORMANCE 

The  inferior  interlaminar  properties  of  2D  woven  and  laminated  CMCs  pose 
limitations  on  design  flexibility  and  hence,  on  their  implementation.  The  problems 
are  manifest  as  delaminations  that  occur  at  thermomechanically  loaded  attachments 
as  well  as  on  plane  sections  subject  to  through  thickness  thermal  gradients  (Fig.  5). 
The  interlaminar  properties  are  controlled  by  the  matrix  material,  which  is  designed 
to  have  low  toughness  to  enable  the  fiber/matrix  debonding  and  slip  needed  for 
in-plane  damage  tolerance.  They  are  also  subject  to  weakest  link  size  scaling 
associated  with  manufacturing  flaws,  causing  large  components  to  be  particularly 
susceptible  to  these  problems. 

The  only  solution  appears  to  comprise  3D  woven  architectures:  the  same  solution 
used  for  structural  C-C  composites.  The  weaving  technology  is  under  development 
for  oxide  fibers.  Its  viability  has  already  been  demonstrated. 


4.  SUMMARY 

For  applications  requiring  long  life,  oxide  composites  comprising  Al203/mullite 
fibers  with  a  monazite/mullite  matrix  have  greatest  applicability.  Architectures 


Energy  Release 
Rate 


Ht/H 


A 


ATC  =  (1/aL)  (Kgas/Kpomp) 


SOLUTION 

THERMAL  DELAMINATION  IS  A 
MAJOR  PROBLEM  IN  CMCs 

3-0  Weave 

Figure  5.  Delamination  problems  in  2D  woven  CMCs. 
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based  on  local  3D  weaving  are  needed  to  obviate  delamination  sensitivity,  particu 
larly  at  joints /attachments  and  in  regions  subject  to  high  thermal  flux.  These  mate¬ 
rials  are  presently  creep/ rupture  limited.  Research  priorities  include  approaches  for 
enhancing  the  creep  resistance  by  using  dopants  or  nanoparticles. 

For  either  short  life  or  space  applications,  C-SiC  materials  are  often  preferred 
because  of  their  high-temperature  capability  at  low  oxygen  pressures  and  their 
relatively  high  thermal  conductivity. 


REFERENCES 

l  Ceramic  Fibers  and  Coatings.  Advanced  materials  for  the  twenty-first  century.  National  Ma- 
’  terials  Advisory  Board,  National  Research  Council,  Publication  NMAB-494,  Washington,  DC 

(1998) 

2.  J.  D.  French,  J.  Zhao,  M.  P.  Harmer,  G.  A.  Miller  and  G.  M.  Chan,  J.  Amer.  Ceram.  Soc.  77, 
2857-2866(1994). 

3.  T.  J  Lu  and  J.  W.  Hutchinson,  J.  Amer.  Ceram.  Soc.  78,  261  (1995). 

4  pe  D  Morgan  and  D.  B.  Marshall,  J.  Amer.  Ceram.  Soc.  78,  1553-1563  (1995). 

5  P  E  d'  Morgan  and  D.  B.  Marshall,  US  Patent  No.  5,514,474,  May  7  (1996). 

6  T.  A.  Ohji,  T.  Nakahira,  T.  Hirano  and  K.  Niihara,  J.  Amer.  Ceram.  Soc.  77,  3259-3262  (1994). 

7  F  E  Heredia  M.  Y.  He  and  A.  G.  Evans,  Composites  Part  A  27A,  1 157- 1 167  (1996). 

8.  E  E.  Heredia,  J.  C.  McNulty,  F.  W.  Zokand  A.  G.  Evans,  J.  Amer.  Ceram.  Soc.  78  (8),  2097-2100 

(1995) 

9.  C.  G.  Levi,  i.  Y.  Yang,  B.  J.  Dalgleish,  F.  W.  Zok  and  A.  G.  Evans,  J.  Amer.  Ceram.  Soc.  78, 
2077  ( 1998) 

10.  T.  E.  Steyer,  F.  W.  Zok  and  D.  P.  Walls,  J.  Amer.  Ceram.  Soc.  78,  2140  (1998). 


F4620-96-C-0026 

71123 


8.0  Machinable  Ceramics  Containing  Rare-Earth  Phosphates 


by  Davis,  J.B.,  Marshall,  D.B.,  Housley,  R.  M.,  and  Morgan,  P.E.D. 


The  following  section  is  a  paper  published  in  J.  Amer.  Ceram.  Soc.  81  [8]  2169-75  (1998) 


14 


Rockwell 

Scientific 


\>-6.  i/^AfSkoM  ’ 


/  ,4„.  Ceram.  Soc..  81  [81  2169-75  0998) 


Machinable  Ceramics  Containing  Rare-Earth  Phosphates 
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Two-phase  composites  consisting  of  LaP04  or 
alumina,  mulhte,  or  zirconia  were  found  to  be  madunable 
fl,  they  can  be  cut  and  driUed  using  convenUonai  tungsten 
carbide  metal-working  tools.  Single-phase  LaP  4 
machinable*  Measurements  of  drilling  rates,  grinding  > 

forces  are  used  to  compare  the  ease  of  machin¬ 
ing  in  these  materials  and  in  a  conventional  machinable 
glass-ceramic  material,  and  to  provide  Prel,»»“a^ ‘n^  ' 
mation  on  the  relation  between  microstructure  and  m 
Sdntag  properties.  In  Hertzian  contact  experiments  these 
nwterfab  showed  extensive  nonlinear  behavior  associated 
with  a  damage  zone  beneath  the  contact  site,  simi  ar 
other  machinable  ceramics.  Mechanisms  of  material 
moval  are  discussed. 

L  Introduction 

Machinable  glass-ceramics,  consisting  of  finely  dispersed 
“pTatekts  in  a  glass  matrix,*-*  can  be  cut  and  drd  ed 

using  conventional  metal-working  tools.  The  TT  beneath  the 
derives  from  the  cleavage  of  imca  c^stals  beneath  *e 
cutting  tool,  and  material  removal  by  Unking  of  the  micro 
S  These  materials  me  used  la  a  vmety  jW- 
reauiring  their  high-temperature  properties,  high  hardness, 
electrical  or  thermal  insulation,  or  dielectnc  ProPe*J":s>  g"?" 
bined  with  the  convenience  of  machining.  Their h  g 

temperature  use  is  limited  by  softening  of  the  g^s  phaseor 
coarsening  of  the  crystalUtes,  usually  at  temperatures  abo 

Attempts  have  been  made  to  develop  analogous,  ™ore  *® 
fractoty  systems.  Barsoum  et  al.\  showed  that  T13S1C2,  con 
sisting  of  large,  plate-shaped,  easily  cleaved  ,  4 

drilled  and  tapped  using  high-speed  steel  tools.  Pad tore  eta^ 
showed  that  material  removal  rates  dunng  diamond  grinding 
and  drilling  of  silicon  caibide  could  be  substantially  increased 
by  incorporating  elongated  grains,  weak  interphase  boundaries, 
and  highintemal  stresses  into  the  microstructure.  The  micro- 

^liTthisVpet  it  report  on  the  fabrication  and  pcelinunary 
testing  of  another  potential  class  of  machinable  ceramics,  based 
on  two-phase  mixtures  of  refractory  oxides  (e^g.,  2  3>  * 

mullite)  and  rare-earth  phosphates  (e.g.,  LaP  4.  ®  4  • 

cent  studies  have  shown  that  the  bonding  between  Ae^  ^os- 
phates  and  oxides  is  weak.«  The  rationale  for  designing  Aese 
materials  as  machinable  ceramics  was  that,  in  a  y  * 
fine-grained,  two-phase  mixture,  easy  material  rem 
occur  by  formation  and  Unking  of  cracks  at  the  we  i 
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between  the  two  phases.  These  matenals  ^  **»  stoWe  to  v«y 
high  temperatures  in  oxidizing  environments  (>1600  C)  and 
offer  thepotential  to  tailor  microstructures  with  ranges  of  hard¬ 
ness  elastic  properties,  and  thermal  conductmty  beyond  the 
ranges  achievable  with  other  machinable  ceramics. 

IL  Experimental  Procedure 

Two-phase  composites  consisting  of  mulhte  (3  Al/V^SiO^) 
with  LaP04,  alumina  with  LaP04,  and  Ce-Zri)2  w«h  CeP04 
were  fabricated  using  several  techniques.  For  the  mulhte/ 
LaP04  composite,  an  aqueous  slurry  was  prepared  widipo 
ders  of  mullite  (from  Baikowski)  and  rhabdophane  (hydrated 
LaPO4-0.5H2O  synthesized  in  our  laboratory)  m  the  approxi¬ 
mate  ratio  4:1.  The  slurry  was  mixed  ultrasotucally,  consoli¬ 
dated  into  a  disk  of  50  mm  diameter  and  5  mm  thickness  by 
pressure  filtration,  dried,  packed  in  alununapowderandthen 
hot-nressed  in  graphite  dies  in  nitrogen  for  l  h  at  1500  C. 

The  Ce-Zt02/CeP04  composites  were  fabricated  using  col- 
loidal  consolidation  and  sintenng.  Aqueous  slurries  rtCz-ZMi 
powder  (Tosoh,  12-mol%-CeOrdoped  ZiO,)  and  CeP04  (Ml 
Chemie  Ltd  )  were  dispersed  at  pH  2,  mixed  in  several  pr 
feS^d  proportions  (L3,  1:1,  and  3:1),  and  consolidated  into 
disks  of  50  mm  diameter  and  10  mm  thickness  by  pressure 
fikration  After  drying,  the  disks  were  cold  tsostatically 
pressed,  then  sintered  for  2  h  at  1600»C  in  air  to  greater  than 
98%  of  their  theoretical  densities.  ,  .  r„a_tivp 

The  alumina/LaP04  composite  was  fabricated  ty 
hot  pressing,  using  powders  of  monoaluminumphosp^ 
bright  &  Wilson  Americas),  lanthanum  carbonate  (Alfa  Aesar 
Chemicals),  and  high-purity  alumina 
powders  were  baU-milled  in  an  aqueous  ^ 
matelv  24  h,  dried,  calcined,  and  hot-pressed  at  .  * 

giving  a  composite  consisting  of  alumina  and  LaP04  in 

aPSe"«uy  of  e«h  composite  ™  ^  “J 

compared  with  other  materials  using  tungsten  cathi*  drtUs 
.  diLmd  grinding  wheel  as  shown  stta»«ej '<•  "Jj; 
The  drilling  tests  were  done  using  a  standard  dnll  press  oper 
Ung  at  450  ?m,  with  a  drop  of  aqueous  based  cutting  flmd 

(South  Bay  Technologies  Inc.)  placed  at  the  ^l  p  .*  R 
,  y  f  h  nln  -i  iu-  dnll  bits  were  shaped  as  in  rig- 

Kag),Tth  a  uniform  section  of  l  mm  diameter  within  the  fost 
l  mm  from  the  end,  and  increasing  diameter  beyond  thus  see 
lion  The  composite  specimens  were  mounted  on  a  load  ce 
(Kistlet)  and  Med  by  manually  applying  a  "7™, 

force  to  the  drill,  while  measuring  the 

SSTmSeS'to  avoid  systemahe  effecri  due  to  wear  of  dm  d* 
The  diamond  grtttding  measurcments  w“'  ,«) 

220  grit,  resin-bonded  wheel  (6  in.  diameter,  6  mm  wi  J 
rotating  at  3600  rpm  on  a  standard  surface  grinding  machm 
SS?  spray  Of  die  same  aqueous  cutting  fluid  as  used  for 
drilling.  Test  specimens  of  uniform  width  lOram)  an  ^ 
ness  (3  mm)  were  mounted  in  a  row  on  the  load  cell. 
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Fig.  1.  Schematic  diagrams  illustrating  the  test  setup  for  (a)  drilling  measurements,  (b)  grinding  measurements,  and  (c)  ball  indentation  mea¬ 
surements  using  a  bonded  interface  specimen. 


grinding  wheel  passed  over  each  specimen  sequentially  in  a 
single  pass,  thereby  ensuring  common  grinding  conditions  for 
all  of  the  materials.  Measurements  of  the  normal  grinding  force 
were  obtained  for  several  depths-of-cut  using  a  constant  trans¬ 
lation  speed  of  ~2.8  cm/s. 

For  reference,  several  other  materials  were  included  in  these 
tests.  The  diamond  grinding  measurements  were  done  on  a 
standard  machinable  glass-ceramic  (“Macor”  from  Coming) 
as  well  as  single-phase  materials  of  the  constituents  of  the 
composites:  Ce-Zr02  fabricated  in  the  same  manner  as  the 
Ce-Zr02/CeP04  composites;  alumina  and  mullite  prepared  by 
hot-pressing  the  same  powders  used  for  the  alumina/LaP04  and 
mullite/LaP04  composites;  and  LaP04  prepared  in  a  previous 
study6  by  hot-pressing  commercial  powder  of  LaP04  (Stremm 
Chemical)  surrounded  by  alumina  at  1200°C  in  graphite  dies 
(this  specimen  contained  a  minor  eutectic  phase  due  to  potas¬ 
sium  impurity6).  The  reference  drilling  measurements  were 
done  only  on  the  Macor  and  LaP04;  attempts  to  drill  Ce-Zr02, 
alumina,  and  mullite  were  unsuccessful,  as  might  be  expected. 

The  hardnesses  and  fracture  toughnesses  were  measured  in 
all  except  two  of  the  materials  using  Vickers  indentations.9 
Radial  cracks  were  not  produced  at  Vickers  indentations  in  the 
Ce-Zr02  reference  material  and  the  Ce-ZtO2/CeP04  composite 
with  highest  Ce-Zr02  content  (typical  for  Ce-Zr02  materi¬ 
als1011).  In  these  two  materials  the  fracture  toughnesses  were 
measured  using  notched  beams  loaded  in  bending.12  The  beam 
dimensions  were  2  mm  x  2.5  mm  x  30  mm  and  the  notch  width 
and  depth  were  200  p,m  and  0.8  mm. 

The  relative  susceptibility  of  each  material  to  the  onset  of 
localized  damage  at  contact  sites  was  assessed  using  the 
Hertzian  contact  method  introduced  recently  by  Lawn  and  co- 
workers.13-15  This  involved  loading  tungsten  carbide  balls  of 
various  diameters  (in  the  range  l  to  3  mm)  onto  polished  sur¬ 
faces  of  the  materials,  and  calculating  the  average  contact  pres¬ 
sure  from  measurements  of  the  load  and  contact  area.  The 
surfaces  were  coated  with  thin  layers  of  gold  and  carbon  to 
enhance  visibility  of  the  contact  area  after  removal  of  the  ball 
indenter. 

Preliminary  assessments  of  damage  mechanisms  at  localized 
contacts  in  the  monazite/mullite  composite  and  in  the  mono¬ 
lithic  monazite  were  obtained  using  the  bonded  interface  tech¬ 
nique.13-15  This  involved  preparing  a  bonded  test  piece  by 
gluing  together  polished  surfaces  of  two  rectangular  blocks  of 
the  test  material,  polishing  another  surface  normal  to  the 
bonded  interface,  and  loading  a  tungsten  carbide  ball  onto  the 
polished  surface  at  the  interface  (Fig.  1(c)).  Damage  associated 
with  sliding  contact  was  also  examined  by  dragging  a  Knoop 
indenter  across  the  interface,  with  the  sliding  direction  par¬ 
allel  to  the  longer  indentation  diagonal  and  normal  to  the  in¬ 
terface.  The  two  halves  of  the  test  piece  were  then  separated 


by  dissolving  the  glue,  and  the  damage  zones  beneath  the  con¬ 
tact  sites  were  examined  optically  and  by  scanning  electron 
microscopy. 

III.  Results 

(7)  Microstructural  Observations 

The  compatibility  of  the  alumina/LaP04  system  has  been 
reported  previously.*-8  Provided  the  overall  La-to-P  ratio,  is 
close  to  the  stoichiometric  value  of  unity,  there  are  no  reactions 
at  temperatures  up  to  at  least  1600°C.  In  the  reactively  hot- 
pressed  material  synthesized  here  the  only  phases  detected  by 
X-ray  diffraction  were  alumina  and  LaP04  (Fig.  2(a)).  X-ray 
diffraction  patterns  from  the  other  two  systems  (mullite/LaP04 
and  Ce-Zri)2/CeP04)  are  shown  in  Fig.  2.  The  results  indicate 
that  both  of  these  systems  are  also  compatible  at  the  fabrication 
temperatures  (1500°  and  1600°C,  respectively). 

Scanning  electron  micrographs  illustrating  the  microstruc¬ 
tures  of  the  three  systems  are  shown  in  Fig.  3.  The  two  phases 
in  each  of  the  mullite/LaP04  and  alumina/LaP04  composites 
can  be  distinguished  on  polished  surfaces  because  of  the  higher 
scattering  (for  both  backscattered  and  secondary  electrons)  of 
the  LaP04  phase.  In  the  mullite/LaP04  composite  (Fig.  3(a)), 
the  two  phases  are  well  dispersed  with  grain  sizes  in  the  mullite 
of  ~2  to  5  pun  and  in  the  LaP04  of  ~1  to  2  pun.  In  the  alumina/ 
LaP04  composite  the  grain  sizes  were  -0.3  pm  in  the  alumina 
and  -1  pun  in  the  LaP04.  In  the  Ce-Zr02/CeP04  composite, 
thermal  etching  was  needed  to  distinguish  the  two  phases  (Fig. 
3(c)),  since  the  scattering  from  both  phases  was  similar;  the 
grain  sizes  of  both  phases  were  ~2  to  5  pm. 

(2)  Mechanical  Property  Measurements 

The  hardnesses  and  toughnesses  of  the  composites  and  the 
reference  materials  were  measured  from  Vickers  indentations. 
The  results  are  shown  in  Table  I.  Toughnesses  were  calculated 
using  the  analysis  of  Anstis  et  al.9  from  indentations  produced 
by  as  wide  a  range  of  loads  as  possible  (indicated  in  a  separate 
column  in  Table  I).  However,  for  some  materials  the  range  of 
loads  was  small  because  of  chipping:  in  those  cases  the  tough¬ 
ness  results  should  be  treated  with  caution. 

The  softer  CeP04  phase  dominates  the  hardness  of  die  Ce- 
Zr02/CeP04  composites,  which  is  almost  constant  over  the 
composition  range  25%  to  75%  CeP04.  However,  the  tough¬ 
ness  is  more  strongly  affected  by  the  fractions  of  the  two 
phases,  increasing  from  1.6  MPa-mI/2  at  25%  zirconia  to  4.8 
MPa-mI/2  at  75%  zirconia. 

(3)  Drilling  and  Grinding  Measurements 

All  of  the  composites  could  be  drilled  using  the  tungsten 
carbide  tool.  A  scanning  electron  micrograph  of  a  typical 
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^^rilted  hole  in  the  mullite/LaP04  composite  is  shown  in  Fig.  - 
fljB-he  hole  was  cleanly  drilled,  with  no  evidence  of  large-scale 
^cracking  or  chipping.  Holes  drilled  in  all  of  the  other  compos¬ 
ites  had  similar  appearances. 

mm  Measurements  of  drilling  rate  as  a  function  °f  dnlhng  dis- 
9Hance  at  a  fixed  load  of  50  N,  are  shown  in  Fig.  5  for  several 
of  the  materials.  Each  increment  of  drilling  distance  represents 
a  new  hole.  For  materials  containing  more  than  50%  of  rnona- 
HKrite  the  drilling  rates  remained  constant  within  the  measure- 
■Cttmracy  "indicating  that  wear  of  the  drill  was  not  su^ 
cient  to  affect  measurements  over  this  range  of  dnlli  g 
■■■distances.  In  composites  with  smaller  volume  fractions  of 
(fnonazite  a  small  decrease  in  drilling  rate  was  observed,  mdi- 

eating  some  drill  wear.  „  c 

The  measured  drilling  rates  in  all  of  the  matenalsas  aoc- 

■  tion  of  applied  normal  load  are  shown  in  Fig.  6  The  drilling 
rates  for  the  Macor  glass-ceramic  are  significantly  larger  th 
for  all  of  the  other  materials.  Nevertheless,  the  other  dnlling 
rates  faU  within  a  useful  range.  A  clear  increase  l»  dnlling  ra  e 
H  with  volume  fraction  of  CeP04  is  evident  for  the  Ce-Zi02/ 
■i  CeP04  composites.  Most  of  the  results  show  a  nonlinear  de¬ 
pendence  of  drilling  rate  on  force.  .  .  , 

mmm  a  similar  general  ranking  of  these  materials  is  evident  m  the 
■  diamond  grinding  measurements  of  Fig.  7,  with  *e  ex“P^n 
0f  the  aliunina/LaP04  composite  which  exhibited  the  highest 
grinding  force  but  intermediate  dnlling  force.  However,  the 

■  relative  differences  between  the  various  machinable  compos¬ 
ites  is  considerably  smaller  in  the  grinding  measurements  than 
in  drilling.  For  example,  the  normal  gnnding  force  in  the  C 
Zr02/CeP04  composites  was  a  factor  of  about  1.5  larger  (for 
H  given  material  removal  rate)  in  the  composite  containing  25% 
CeP04  than  in  the  composite  with  75%  CeP04,  whereas 
ratio  of  drilling  forces  for  the  same  pair  of  composites  was 
M  about  10.  Moreover,  the  grinding  forces  for  the  single-phase 
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Fig.  3.  Scanning  electron  micrographs  from  polished  surfaces  of  (a) 
mullite/LaP04  composite  (region  from  edge  of  dnlledholeinFig., 
right  hand  side  of  Micrograph  is  the  drilled  surface),  (b)alumm^ 
LaP04  composite;  and  (c)  Ce-Zr02/CeP04  composite  (thermally 


oxides  (zirconia,  mullite,  and  alumina)  which  cannot  driUed 
with  WC  tools,  were  not  consistently  larger  than  for  Aeir 
dutiable  composite  counterparts:  in  the  case  of  Ce-  2* 
grinding  forces  were  -30%  larger  than  for  the  CeP04- 
containing  composites,  whereas  the  grinding  forces  for  mullite 
and  alumina  were  smaller  than  for  the  corresponding  compos¬ 
ites  containing  LaP04-  For  all  of  the  materials  teste*  the  grind- 
ing  forces  were  proportional  to  the  material  removal  ra  es  ft- 
depth-of-cut). 
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Table  L  Hardnesses  and  Toughnesses  of  Test  Materials 


Material* 

Hardness  (GPa) 

E  (GPa) 

Indentation 
load  range 

<N) 

Toughness  (MPa  m,/2) 

Indentation 

Notched  beam 

Mullite/LaP04  (4:1) 

11.4 

203* 

2-100 

1.8  +0.1 

Ce-Zr02/CeP04 

CZ/CP  (3:1) 

6.5 

183* 

50-100 

4.8  ±  1.1 

CZ/CP  (1:1) 

5.7 

167* 

100 

3.6  ±0.1 

3.2  ±  0.5 

CZ/CP  (1:3) 

'5.0 

150* 

50 

1.6  ±0.1 

Alumina/LaP04  (3/7) 

9 

210* 

3-10 

2.3  ±0.5 

Ce-Zr02 

9.5 

200 

20-200 

8  ±  l 

Alumina 

15 

390 

20-100 

3.9  ±  0.3 

Mullite 

14 

225 

3-100 

1.6  ±0.1 

LaP04 

5.5  ft 

133** 

10-100 

1.0  ±  0.1 n 

Macor 

3* 

635 

l.0±0.l* 

^Ratios  in  parentheses  indicate  volume  fractions  of  the  two  phases.  ^Young’s  moduli  estimated  from  rule-of -mixtures  for  two  phase 
materials.  ?From  Ref.  14.  ’From  Ref.  18.  trFrom  Ref.  6. 


Fig.  4.  Hole  drilled  in  mullite/LaP04  composite  using  WC  drill  bit. 
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Fig.  5.  Measurements  of  drilling  rate  as  a  function  of  distance  at 
constant  normal  force  to  test  drill  wear.  New  drill  bit  used  for  each 
material.  CZ/CP  represents  Ce-Zr02/CeP04  composites.  Ratios  in 
brackets  indicate  volume  fractions  of  the  two  phases. 


(4)  Damage  Observations 

(A)  Drilling  damage:  Details  of  the  damage  associated 
with  drilling  in  the  mullite/LaP04  composite  are  shown  in  Figs. 
3, 4,  and  8(a).  Results  for  the  Ce-Zr02/CeP04,  alumina/LaP04t 
and  LaP04  systems  were  similar  (Fig.  8(b)).  In  all  cases  the 
drilled  surfaces  were  covered  with  a  layer  of  smeared  material 
with  thickness  approximately  0.5  pLtn.  Although  the  virgin  ma¬ 
terial  in  Figs.  3(a)  and  8(a)  consists  of  mullite  and  LaP04  in 
separate  phases  with  dimensions  -2-5  pun,  separate  phases 
could  not  be  distinguished  in  the  smeared  layer  by  scanning 
electron  microscopy.  EDS  analysis  of  the  layer  is  consistent 
with  LaP04  and  mullite  mixed  together  on  a  very  fine  scale. 
However,  confirmation  of  the  microstructure  within  this  layer 
will  require  the  higher  resolution  of  transmission  electron  mi¬ 
croscopy.  In  regions  where  the  layer  had  been  removed,  an 
underlying  surface  of  intergranular  fracture  is  visible.  Obser¬ 
vations  of  the  surface  adjacent  to  the  drilled  hole  (Fig.  3)  and 
cross  sections  indicate  that  damage  from  the  drilling  is  con¬ 
fined  to  the  smeared  layer  and  the  underlying  layer  of  grains 
that  had  been  dislodged  (i.e.,  to  a  depth  of  -2-5  fun).  Signifi¬ 
cant  microcracking  to  larger  depths  was  not  observed. 

(B)  Indentation  Damage:  Results  of  the  ball  contact  mea¬ 
surements  are  summarized  in  Fig.  9  as  plots  of  average  contact 
pressure  versus  indentation  strain  (defined  as  the  ratio  of  the 
contact  radius  to  the  ball  radius).  In  this  plotting  scheme  an 
elastic  Hertzian  response  falls  along  a  linear  curve:  a  represen¬ 
tative  curve  corresponding  to  E  =  200  GPa  is  shown.  The 
corresponding  contact  pressures  obtained  from  a  Vickers  in- 
denter  are  shown  in  Table  I  (i.e.,  the  hardnesses).  In  all  of  the 
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Fig.  6.  Measurements  of  drilling  rate  as  a  function  of  normal  force. 
CZ/CP  represents  Ce-Zr02/CeP04  composites.  Ratios  in  brackets  in¬ 
dicate  volume  fractions  of  the  two  phases. 


materials  containing  Ce-P04  and  La-P04,  departure  from  a 
linear  Hertzian  response  occurs  at  pressures  substantially  be¬ 
low  the  Vickers  hardness.  The  response  in  Fig.  9  is  similar  to 
previously  published  measurements  on  ceramic  materials,  in¬ 
cluding  machinable  glass -ceramics,  that  experience  localized 
damage  controlled  by  microstructural  heterogeneity.13-17 
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Fla  7  Measurements  of  grinding  forces.  CZ/CP  rcpresentsCc 
ZtOj/CePO,  composites.  Ratios  in  brackets  indicate  volume  fractions 
of  the  two  phases. 

Contact  damage  in  the  muUite/LaP04  composite  is  shown  in 
Fie  10*  at  all  loads  within  the  nonlinear  region  of  r  g.  , 
SnanUt  depression  was left 

view  after  separating  the  bonded  interface  specimen,  . 
extensive  cracking  and  shear  faulting  beneath  the  contact  sites, 
similar  to  observations  of  Lawn  and  co-workers 

materials  that  contain  heterogeneities  and  weak  ^erphas^ 

boundaries.  Near  the  periphery  of  the  damage 
microctacking  predominantly  between  the  monazite  and  mul- 

lite  phases  (Fig.  10(b)).  .  r  t»po  ic  shown 

Damage  in  a  bonded  interface  specimen  of  4 

in  Fig  11.  Both  Hertzian  contact  and  scratching  with  the 
Knoop  indenter  produced  extensive  cracking  within  a  localized 
zone  beneath  the  contact  site.  In  both  cases  .there  were  £so 
many  uucracked  grains  containing  parallel  sided  bands  (ex¬ 
amples  indicated  by  arrows  in  Fig.  11)  with  an  apP^aoce 
similar  to  dial  of  twinning  in  other  matenals  (ahitmna 
various  minerals)  and  martensitic  transformation  bands  m  zir- 
conia.  Martensitic  transformation  is  not  known  in  La  4. 
However,  mechanical  twinning  oh  (00l)/(l00)  ought  be  pos¬ 
sible,  although  the  shear  angle  would  be  large  (12  )• 

IV.  Discussion 

The  results  of  this  study  show  that  alumina,  zircoma,  and 
mullite  can  be  rendered  “machinable”  by  the  addition  of  fine  y 
dispersed  rare-earth  phosphates,  in  amounts  at  least  as  sma 
20  v0l%.  Holes  can  be  drilled  in  these  two-phase  composites 
using  a  conventional  WC  drill  bit.  The  ease  of  diamond  grind- 
ing  is  also  increased  in  die  case  of  zirconia  by  e  1 
CeP04,  although  the  relative  change  is  much  smaller.  How- 
ever,  in  the  case  of  alumina  and  mullite,  the  addition  of  LaP04 
did  not  increase  the  ease  of  diamond  grinding,  ma  ® 
ences  in  grinding  forces  in  materials  with  vastly  d  eren 
ing  characteristics  have  been  observed  before  in  gnn  ng  s 
ies  of  alumina  and  machinable  glass-ceramics.  These  results 
suggest  either  that  the  controlling  material  removal  mecha¬ 
nisms  differ  in  the  single-point  cutting  action  of  a  ^landtne 
multipoint  grinding  process  or  that  interactions  of  the  WC  and 
diamond  tool  materials  with  the  work  pieces  diner. 

The  lack  of  an  enhanced  grinding  response  in  machinable 
ceramics  is  also  illustrated  by  comparing  the  measured  grind¬ 
ing  forces  with  those  expected  for  ceramics  with  homogeneous 
fine-gtaned  microstmctiires.  In  such  matenals,  gnnding  under 
sufficiently  severe  conditions  involves  contact-induced  craek- 
•  ing  that  extends  beyond  the  immediate  contact  zone.  The 
single-phase  alumina  and  mullite  matenals  in  s  s  Y 
expected  to  behave  in  this  manner.  In  that  case,  the  maten 


ng.  8.  Scanning  electron  micrographs  from  surfaces  of  drilled  hoks 
in  (a)  mullite/LaPO,  composite  (showing  regionfromRg. 

smeared  layer  had  chipped  away)  and  (b)Ce-ZrO/CeP04  co  po 

removal  process  has  been  quantitatively  modeled  in  tern*  of 
indentation  lateral  cracking.  The  gnnding  force,  P,  for  a  given 
rate  of  material  removal  is  related  to  the 
ness,  H,  fracture  toughness,  Kc,  and  elastic  modulus,  E,  of  the 

material:19 

T£,2fl5/818/9  (D 

P  “  L(£/H)4/s  J 

The  measured  grinding  forces  for  all  of  tl ^  materials  of  this 
study  at  20  pm  depth-of-cut  are  compared  with i  Bq.  (I  >  “  JJ* 
12  (using  measured  values  of  H  and  Kc  fromT  -  t 

of  E  for  the  composites  estimated  using  a  rule^f  tmxtures 
with  known  values  for  the  constituents).  Despite  some  scatte  , 


‘  tBcder  methods  are  available  for  estimating  elastic  moduli  of  mwpbase  compos - 
JKSE  difference  would  not  affect  the  compansous  here. 
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Fig.  9.  Indentation  stress-strain  curves.  CZ/CP  represents  Ce-Zr02/ 
CeP04  composites.  Ratios  in  brackets  indicate  volume  fractions  of  the 
two  phases. 


Fig.  10.  (a)  Surface  view  of  residual  impression  at  site  of  ball  contact 
(3  mm  ball,  300  N  load)  in  mulIite/LaP04.  (b)  Cross-section  view 
beneath  ball  indentation  on  bonded  interface  specimen  of  mullite/ 
LaP04  showing  microcracking  (arrows)  near  periphery  of  damage 
zone  beneath  contact  site. 


and  some  uncertainty  in  some  of  the  parameters,  the  data 
mostly  follow  the  trend  predicted  by  Eq.  (1),  even  though  the 
damage  mechanisms  and  removal  processes  in  machinable  ma¬ 
terials  would  be  expected  to  differ  from  the  lateral  cracking 
mechanism.  In  any  case,  it  is  clear  that  the  grinding  forces  for 


Fig.  11.  Cross-section  view  from  bonded  interface  specimen  of 
LaP04  showing:  (a)  damage  zone  beneath  ball  indentation;  (b)  damage 
zone  beneath  scratch  produced  by  dragging  Knoop  diamond  indenter. 
Arrows  indicate  deformation  bands. 


the  machinable  phosphate-containing  composites  and  mica- 
containing  glass-ceramic  do  not  fall  below  the  values  expected 
on  the  basis  of  this  model. 

The  present  study  was  initially  motivated  by  the  possibility 
that  in  two-phase  mixtures  of  oxides  and  rare-earth  phosphates 
easy  material  removal  should  occur  by  formation  and  linking  of 
cracks  at  the  weak  interfaces  between  the  two  phases.  Evidence 
for  this  mechanism  was  observed  in  Fig.  10.  However,  since 
nominally  single-phase  LaP04  was  also  found  to  be  machin¬ 
able,  interfacial  debonding  cannot  be  the  only  mechanism  in¬ 
volved.  Another  possible  mechanism  is  that  associated  with  the 
deformation  bands  observed  within  individual  grains  of  LaP04 
beneath  Hertzian  contact  sites  (Fig.  11). 

The  presence  of  residual  stresses  might  be  expected  to  affect 
material  removal  processes  that  involve  accumulated  damage 
from  microcracking.  Large  differences  in  residual  stresses  are 
expected  in  the  three  systems  studied  here,  based  on  known 
thermal  expansion  coefficients  of  the  constituent  phases  (ap¬ 
proximately  10  x  10"6  for  LaP04,6  CeP04,20  and  zirconia;21 
8  x  lO^6  for  alumina;21  and  4  x  lO^6  for  mullite21).  Cooling  by 
100Q°C  would  generate  the  following  residual  tensile  stresses 
in  an  isolated  spherical  phosphate  particle  in  the  three  matrices: 


Normal  Grinding  Force 
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deformation  features  within  monazite  grains.  The  formation  of 
a  finely  crushed,  smeared  layer  of  material  between  the  work- 
piece  and  tool  was  observed  after  drilling  all  of  the  machinable 
materials. 

Note  added  in  proof:  The  presence  of  (100)  twins  and  dis¬ 
locations  in  regions  surrounding  contact  sites  such  as  Fig  10(a) 
in  LaP04  has  now  been  confirmed  by  transmission  electron 
microscopy  (R.  S.  Hay,  personal  communication). 
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Fie  12.  Comparison  of  grinding  forces  at  fixed  depth -of-cut  (20 
um)  with  Eq  (l).  CZ/CP  represents  Ce-Zi02/CeP04  composites.  Ra- 
tios\n  brackets  indicate  volume  fractions  of  the  two  phases.  Lane  it 
representation  of  Eq.  (1).  adjusted  to  fit  the  data  for  alumina  and 

mullite. 

zero  in  zirconia,  460  MPa  in  alumina,  and  1140  MPa  in  mul¬ 
lite  *  Despite  these  very  large  differences  in  residual  stresses 
the  drilling  and  grinding  forces  for  these  three  systems  do  not 
differ  greatly,  suggesting  that  residual  stresses  do  not  p  ay  a 

dominant  role.  {hat  the  observations  concerning 

mechanisms  in  this  study  are  preliminary.  We  have  presented 
data  from  systems  with  various  constituent  phases  in  order 
establish  some  general  trends  in  behavior,  without  attempting 
to  ensure  equivalent  microstructural  characteristics  or  to  vary 
microstructural  parameters  systematically  within  a  given  sys¬ 
tem.  Such  experiments  will  be  needed  to  identify  the  roles  of 
parameters  such  as  grain  size  and  morphology,  resi  uas  ess, 
interfacial  fracture  properties,  and  relative  fractions  of  die  con¬ 
stituent  phases.  Effects  of  machining  parameters  (tool  speed, 
tool  shape,  lubrication)  are  also  yet  to  be  determined. 

V-  Conclusions 

Two-phase  ceramics  consisting  of  refractory  oxides  (Ce- 
Zri)2,  mullite,  and  A1203)  and  rare-earth  phosphates  (CePO-t 
and  LaP04)  with  microstructural  dimensions  in  the  range  l  to 
5  irm  can  be  shaped  with  conventional  WC  metal-working 
tools.  The  ease  of  machining  increases  with  increasing  volume 
fraction  of  the  rare-earth  phosphate  component  Sing  e-p  ase 
LaP04  was  also  found  to  be  machinable.  Preliminary  o  serva 
tions  suggest  that  in  the  two-phase  composites  microcracking 
at  the  interface  between  the  two  phases  is  invo  ve  m  e 
mechanism  of  material  removal.  However,  other  mttehaiusms 
must  also  be  involved,  including  cracking  and  deformation 
I  within  the  monazite  phase.  Evidence  was  presented  tor  planar 


*For  equations  giving  the  residual  stress  for  this  configuration,  see,  for  examp  , 
Ref.  22. 
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Multilajered  compo*,  consU.in  g L,  POf.^mon 
layers  alternating  wilh  vanous 

fabricated  to  investigate  whether  LaP04  provides  y 

bonded  Interface  snltable  for 

rlonsl J  observed  In  Ibe  system  LaWb/AI  A-  TIn  Mlo  g 

iw.i'.tW  1600-CHowever,  in  the  compos,  te, 
containing  0e-ZrO2,  interdiffusion  of  Ce  and  La  occurred, 
resulting  hi  formation  of  a  pyrochldre-like  phase  an<  >  ,n 
the  case  of  the  Ce-Zr02  /A120,  composite,  a  (Ce,La)Al„Ol8 
magnetoplumbite  phase. 

I  Introduction 

C  everal  mechanisms  have  been  used  to  achieve  toughen- 

O  mg  in  multilayered  ceramic  composites-  O^e  mvolves 

enhance^fo^^W^^  S^Sases 

distributed  damage.  Other  mechanisms  involve  deflection  of 
cracks  or  secondary  cracking  caused  b^e  P"°^c- 
lavers  weak  interfaces,  residual  stresses,  or  other  raicrostruc 
tural  defects  i'1-  If  the  degree  of  crack  deflection  is  sufficient  to 
25b  sp£tg  between  layers,  a  damage-tole^t  response  and 
distributed  damage  dan  be  achieved  in  flexural  loa*?S’ ^ 
onstrated  initially  in  systems  containing  layers  of  carbon  o 
BN*-**  However;  the  usefulness  of  systems  containing  car  on 
and  BN  is  limited  by  their  sensitivity  tooxidattom  . 

Attempts  have  been  made  recently  to  avoid  this  'imUatonby 

developing  analogous  oxide-based  systems 

of  magnetoplumbite/p-alumma  compounds  Fouso* 

[avers ‘2  or  rare-earth  orthophosphates11-16  such  as  LaPO. 
(iLmonazite)  and  YP04  (xenotime)  to  cause 
system  LaP04-Al203,  the  interfacial  toughness  is  sufficiently 
low  to  satisfy  the  critenoii  of  He  and  Hutchinson  for  a  nor¬ 
mally  incident  crack  to  deflect  along  the  interface  rather  thari 
cross  it/3  This  system  is  stable  for  long  periods  m  air  at  temper 
attires  at  least  as  high  as  1600°C/3-'4  In  fius  paper,  we  jmrta 
preliminary  study  of  the  stability  anddebondmg  characterises 
of  LaP04  with  several  layered  zircoma  systems.  The  possibility 
of  achieving  toughening  from  both  interlaminar  cracking  and 
transfonnations  is  also  explored. 
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II.  Experimental  Procedure 

Laminar  composites  consisting  of  alternating  layers  of  ^ 
LaP04  and  zirconia  were  fabricated  by  colloidal  techniques. 

Four  types  of  composites  containing  different  composittons  in  v 
the  “zirconia”  layers  were  fabricated:  one  with  3  mol%Y2U3 
addition  (Tosoh  3Y);  one  with  12  mol%  Ce02  additton  (Tosoh 
12Ce);  one  with  a  mixture  (50%  by  volume)  of  Al203  (Sumr 
tomo  AKP30)  and  Y-ZiG2;  and  one  with  a  mixture  of  Al203 
(50%  by  volume)  and  Ce-Zr02.  The  layer  thicknesses^were  in 
die  range  5  to  50  pm  for  the  LaPO,  layers  and  20  to  200  pm  for 

The  composites  were  consolidated  by  sequential  centrifuging 
or  vacuum  slip  casting  of  colloidal  suspensions  of  the  various 
layers.  Use  was  made  of  a  colloidal  techrirque  developed  by 
Velamakanni  et  al»  and  Chang  and  VelamakannP  in  which  an 
aqueous  electrolyte  (NH4N03)  was  used  (after  dispersmg  the 
powders  at  pH  2)  to  produce  short-range  repulsive  hyikatton 
forces  and  reduce  the  magnitudes  of  the  longer  range  electro¬ 
static  forces  between  the  suspended  particles.  Such  conditions 
produce  a  weakly  attractive  network  of  particles,  which  pre¬ 
vents  mass  segregation  during  centrifugation  and  slip  casting, 
Sbec.u«  of  the  lubricating  ucuon  ol  b,e  shori^nge  Kf  ub 
sive  forces,  allows  particles  to  pack  to  high  green  density. 

The  prevention  of  mass  segregation  is  ^pecially  important  for 
forming  uniform  two-phase  layers  such  as  Al2O3-Zr02tro 
suspensions  containing  mixtures  of  the  two  types  of  powder. 

The  consolidated  bodies  were  cold  isostatically  pressed  at 

to.  stated  in  ™  rmihe  case  of  Y-pou.^ 

composites)  or  oxygen  (CeKoumuung  c«,posjBs)  aUfflO  C 
for  2  h.  Several  specimens  containing  Y-Zt02  were  packet  m 
alumina  powder  after  the  cold-pressing  step  and  hot-pressed  l  m 
graphite  dies  at  1400°C  for  1  h.  Sections  were  cut,  polished, 
and* thermally  etched  at  1400°C  for  microstructural  analysts. 

hSXural  characteristics  of  the  multilayered  compos¬ 
ites  were  assessed  using  X-ray  diffraction,  mteroprobe 

analysis,  and  scanning  electron  microscopy  (SEM). 

SEM  secondary  electrons,  backscattered  electrons,  and  cathode 
£££»*£»  used  for  imaging,  and l  etemente 

se^esesss  ss .« 

Wue  wavelengths.  The  eterio. ^ 
probe  measurements  were  taken  at  an  operating  yo  g 
S  Standards  of  lanthanum  phosphate,  zirconium  ,  and 

S  oxide.  (Electron  -nicropiobe  measurement  weredone^ 

the  Geology  Department  at  Caltech,  using  a  JEOL 
instrument)  In  the  various  imaging  modes  the  P 

distinctions  could  be  readily  made:  withbackseattenxland  sec¬ 
ondary  electrons,  alumina  was  darker  than  zirconia  and .mona 
zitewhile  zirconia  and  monazite  were  almostmdistmguishabk, 
fo  ^thodoluminescence,  (l^Ce)P04  was  bnght  M  M203 
and  Zt02  did  not  luminesce  in  the  blue  and  were 

tmDdtoi5tag  at  the  LaP04  layers  was  tested  «shig  tw^ethods. 

One  mvolved forming  cracks  in  a  pohshed  surto  (normal^ th^ 

i„vm\  hv  indenting  with  a  Vickers  mdenter.  The  othe  ^  , 

folding  rectangular^ ^beams  in  four-point  bending  and  nwnitormg 
crack  growth  in  situ  using  an  optical 

were  oriented  with  the  layers  normal  to  the  loadmgdir^i  ^ 
that  initial  crack  growth  was  normal  to  the  layers.  Som 
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Fig.  L  Layers  of  LaP04  (La  monazite)  and  Y-Zr02/Al203.  Backseat- 
tered  electron  image.  Thermally  etched  surface. 


were  tested  with  a  notch  of  width  200  p.m,  cut  with  a  diamond 
saw  normal  to  the  layers  on  the  tensile  side  of  the  beam. 

Ill-  Results 

(1)  Microstructures 

Hie  composites  containing  Y-Zi02  and  Y-Zi02/AI203  layers 
did  not  exhibit  any  reactions  or  interdiffusion  with  the  LaP04 
layers.  In  composites  that  were  hot-pressed  at  1400°C,  both 
layers  appeared  fully  dense  on  polished  cross  sections.  A  back- 
scattered  electron  image  showing  5  pm  layers  of  LaP04  and 
Y-Zi02/A1203  in  a  hot-pressed  composite  is  shown  in  Fig.  1: 
within  the  Zt02/A1203  layers  the  grain  size  is  —0.7  pm,  with  the 
ZrOz  and  Al203  being  well  dispersed,  while  the  grain  size  in  the 
LaP04  layer  is  —3  pm.  In  the  composites  that  were  sintered  at 
1600°C,  the  Zr02-containing  layers  were  fully  dense,  although 
the  LaP04  layers  contained  isolated  pores  with  diameters  up  to 
2  pm  (see  Fig.  7).  The  grain  sizes  in  both  layers  are  larger  than 
in  the  hot-pressed  composites:  1.5  pm  for  the  Al203/Zr02  and 
—4  to  5  pm  for  the  monazite. 

In  the  composite  containing  Ce-Zr02  layers,  there  was  inter¬ 
diffusion  of  La  and  Ce  and  precipitation  of  a  second  phase 
within  the  Ce-Zr02  layers  (Fig.  2).  However,  X-ray  diffraction 
measurements  indicated  that  the  composite  was  primarily  zirco- 
nia  and  monazite,  with  only  a  few  small  additional  diffraction 
peaks  that  were  consistent  with  a  few  percent  of  a  pyrochlore- 
tike  structure.  The  electron  microprobe  results  (Fig.  3)  indicate 
that  the  LaP04  layers  had  lost  —5%  to  10%  of  the  La  which 
had  been  replaced  by  Ce,  forming  the  monazite  solid  solution 
La^xCeJP04.  In  the  zirconia  layers,  the  La  was  in  precipitates, 
which  also  contained  much  higher  concentration  of  Ce  than  the 
host  Ce-Zr02  (Fig.  3).  These  precipitates  show  as  bright  spots  in 
Fig.  2(b)  and  are  possibly  a  pyrochlore-like  phase.  The  ZrOz 
containing  layers  are  fully  dense,  while  the  (La,Ce) -monazite 
layers  contain  more  porosity  than  was  observed  in  the 
La-monazite  layers  of  the  Y-Zr02  composite  (Fig.  2(b)). 

The  composite  containing  Ce-Zr02/Al203  layers  showed  sub¬ 
stantially  more  reaction  associated  with  the  diffusion  of  La  and 
Ce.  In  the  centers  of  the  Ce-Zi02/Al203  layers  there  were  iso 
la ted  elongated  grains  of  (CeJLa)  AluOl8  magnetoplumbite  con¬ 
taining  approximately  equal  amounts  of  Ce  and  La  (Fig.  4). 
Near  the  edges  of  the  layers  there  were  larger  concentrations  of 
magnetoplumbite  and  some  LaAlQ3  grains. 


Fig.  2.  (a)  Cathodoluminescence  image  of  Ce-Zc02/LaP04  com¬ 

posite  showing  overall  structure.  Bright  layers  are  (La,Ce)P04. 
(b)  Backscattered  electron  image  of  Ce-Zr02/LaP04  composite. 
Porous  layers  are  single -phase  (La,Ce)P04. 


(2)  F racture  and  Debonding 

(A)  Flexural  Loading 

In  all  of  the  composites,  flexural  loading  of  notched  beams 
caused  delamination  and  sequential  fracture  of  the  layers,  with  a 
nonlinear  load-deflection  response  such  as  shown  in  Fig.  5(a).  A 
similar  response  was  observed  with  notch-free  beams  (Fig.  5(b)) 
in  all  cases  except  for  the  composite  containing  Ce-Zri)2/Al203 
layers:  in  that  case  failure  was  catastrophic  without  debonding. 
The  typical  delamination  damage  can  be  seen  in  Fig.  6,  which 
shows  a  broken  beam  of  the  Ce-Zr02/LaP04  composite,  along 
with  an  in  situ  optical  micrograph  taken  during  loading  and  SEM 
micrographs  of  die  stepped  fracture  surface  after  failure.  In  the 
in  situ  micrograph  of  Fig.  6(b),  extensive  damage  is  evident  in 
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Fig.  3.  Electron  microprobe  measurements  along  a  line  traversing  sbveral  layers  in 
to  four  oxygen  atoms. 


0e-ZiO2/LaPO4  composite.  Atomic  proportions  are  normalized 


the  fust  six  LaPO,  layers  past  the  notch,  whereas  the  Zi02  layers 
in  this  region  are  fractured  in  only  one  or  two  plates.  At  this 
stage  of  loading  there  was  no  damage  in  any  layera  bejrond  the 
sixth  LaPO,  layer.  On  the  stepped  fracture  surface  (Figs.  6(c)  Mid 
(d)),  cracking  in  the  LaPO„  layers  is  seen  prunanly  at  or  near  the 
interface  between  the  LaPO,  and  Ce-Zr02  layers. 

Similar  results  were  obtained  for  the  composite  consisting  or 
layers  of  Y-ZrOj/AljOj  and  LaPO,.  Although  on  the  fracture 
surfaces  it  appeared  that  separation  of  the  layers  occurred  mainly 
at  or  near  die  iiiterfaces  between  the  Zr02  and  UPO„  there  was 
also  substantial  cracking  within  the:  LaP04  layers  (Fig-  )-  su 
ally  delamination  began  with  simple  deflection  of  the  main  crack, 
as  in  Fig.  7(a)  but  then  continued  by  forming  an  array  of  echelon 
cracks  as  in  Figs.  7(b)  and  (c).  This  mechanism  of  delammation 


Fig.  4.  Backscattered  electron  image  from  composite  containing 
Ce-Zi02/Al203  and  LaPO.  layers,  from  region  in  center  of  Ce-ZriV 
A1A  layer,  showing  presence  of  elongated  Ce-La  magnetoplumbrte. 


Thermally  etched  surface. 


has  also  been  observed  in  LaPO,/Al203  composites,  as  well  as 
in  other  material  systems  under  shear  loading,  including  unt- 
directionally  reinforced  glass  matrix  composites,  bnttle 
adhesive  joints  between  rigid  layers,25  and  graphite-epoxy 

C  ^preliminary  observation  suggestive  of  possible  combined 
toughening  by  martensitic  transformation  and  interlaminar 
cracking  in  the  Ce-Zri)2/LaPO,  composite  is  shown  in  Fig.  8. 
The  Nomarski  interference  micrograph  of  Fig,  8(a)  shows  a ^zone 
of  uplifted  material  surrounding  the  main  crack.  'Hie  uplift  is 
due  to  the  volume  increase  associated  with  die  tetragonal -to 
monoclinic  phase  transformation  in  the  Qj-Zi02  layers.  The 
width  of  this  zone  increases  as  the  crack  extends  from  the  notch 
root,  as  observed  previously  in  multilayered  composites  of  A12U3 
and  Ce-ZiO,2  4  in  which  the  layers  were  strongly  bonded.  How¬ 
ever,  in  this  case  there  is  also  cracking  in  die  LaPO,  layers  withrn 

the  transformation  zone,  as  shown  in  Fig,  8(b). 


(B)  Indentation  Fracture  .  .  '-'''-'iX  m 

In  all  Of  the  multilayered  composites,  the  LaPO,  layers  were 
effective  in  confining  (he  cracking  due  to  adjacent  Viewers  mden- 
tations,  as  shown  in  Figs.  9(a)  and  <b),The  damage  in  die  layera 

at  either  side  of  the  indentation  consists  mOsdy  pf  arrays  ot 

echelon  cracks,  similar  to  the  damge  observed  m  notched  beams. 

Cracks  produced  by  Vickers  indentations  located  directly  on 
LaPO  layers  were  used  to  obtain  a  measure  of  the  interlaminar 
toughness,  as  shown  in  Fig.  9(c).  TlieanraofFi|^c)lieswithin 
a  beam  of  4  mm  thickness  that  consisted  of  YraO2/Al203  with 
three  layers  of  LaPO,  in, die  center.  The  lengths  ofthe  uidenmtion 
cracks  growing 
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Y-Zi0,/A1203  matrix.  The  corresponding  fixture  tiw^messes 
calculated  from  10  indentations  using  die  anMysis  of  Anshs 
etal™  are  T  =  8  ±  4  .J/m1  for  the  interlaminar  crack  .and 
80  ±  5  J/m2  for  die  Y-Zr02/Al203  matrix  (u?ing  a  vajue  of  300 
GPa  for  the  elastic  modulus).  The  matnx  tougtup 


r  --  6  ±  3  J/m2,  and  1 10  db40  J/m1.  v  ^ ; 

‘  This  toughness  calculation  is  based  on  an  analysis  for  a  homog  ¬ 
eneous  isotropic  material,  whereas  die  mef  w{ic 

obtained  from  composites  contammg  layers  of  differing  elast 
moduli  (133  GPa  for  LaPO,,  200  GPa  for  Zr02,  and  400  GPa 
for  A1203).  In  the  configuration  of  Fig.  9,  with  a  thin  layer  of 
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DISPLACEMENT  (pm)  DISPLACEMENT  <pm) 


Fig.  5.  (a)  Load-deflection  response  of  notched  beam  of  Y-Zr02  containing  three  layers  of  LaP04  near  its  midplane,  (b)  Flexural  loading  response 
of  unnotched  beams  of  multilayered  Ce-Zr02/LaP04.  (Nominal  stress  is  calculated  for  undamaged  linear  elastic  beam.) 


LaP04  sandwiched  between  relatively  thick  layers  of  Zr02,  the 
calculation  of  the  crack  driving  force  for  a  crack  growing  along 
the  layer  (either  in  the  layer  or  at  the  interface)  in  terms  of  the 
residual  indentation  stress  field  is  not  affected  by  the  lower 
elastic  modulus  of  the  LaP04.29  The  lower  modulus  would 
affect  the  crack  driving  force  only  through  its  influence  on  the 
magnitude  of  the  indentation  stresses,  as  determined  by  the 
inelastic  deformation  around  the  indentation.  This  effect  must 
be  small  if  the  indentation  is  large  compared  with  the  monazite 
layer  thickness,  as  in  Fig.  9(c). 


The  calculated  toughnesses  are  also  affected  by  residual 
stresses  due  to  thermal  expansion  mismatch  in  the  layered  com¬ 
posites.  Since  the  thermal  expansion  coefficients  for  LaP04  and 
Zr02  are  approximately  equal  (~10  X  10~6  °CT1)1n  residual 
stresses  are  negligibly  small  in  composites  containing  only 
those  two  phases.  However,  in  composites  containing  mixed 
Al203/Zr02  layers,  the  lower  thermal  expansion  coefficient  of 
Al203  (~8  X  10-6  °C_!)  leads  to  tensile  stresses  within  the 
LaP04  layers  in  the  direction  parallel  to  the  layers  and  balanc¬ 
ing  compressive  stresses  in  the  Al203/Zr02  (the  latter  stress 


Fig.  6.  Fracture  of  notched  beam  of  multilayered  composite  of  Ce-Zr02  and  LaP04.  (a)  Overall  view  after  failure,  (b)  In  situ  optical  micrograph 
during  loading,  (c)  and  (d)  Fracture  surface  after  failure  (arrows  indicate  cracks). 


^ssssss^ 


Fig.  7.  Fracture  of  notched  beam  of  multilayered  composite  of 
Y-WaIA  and  LaPO,  (a)  Initial  debonding  after  crack  fromnotch 
was  grown  to  first  LaP04  layer,  (b)  Cracking  within  « 
position  -200  pun  to  the  fight  of  (a),  (c)  Schematic  of  debonding 

mechanism. 


Fie  8  Broken  notched  beam  of  multilayered  composite  of  Ce-ZiOj 
and  LaP04  showing  evidence  for  both  trmsformatwn  toughemng  and 
interlaminar  debonding,  (a)  Nomarski  interference  microgr^h  show- 
ing  surface  uplift  adjacent  to  main  crack  due  to  tctagonal-to 
monoclinic  phase  transformation  in  the  Zr02  layers  (bo“n<^y. 
uplifted  zone  indicated  by  arrows),  (b)  SEM  micrographshowg 
cracking  within  LaP04  layers  in  uplifted  region  adjacent  to  main  cracK. 


being  negligibly  small  in  the  specimen  of  Fig.  9(c),  which 
contains  a  small  volume  fraction  of  LaP04  layers).  regions 
near  die  polished  cross-sectional  surface,  there  are  also  residual 
stresses  in  the  direction  normal  to  the  layers  withopposite  signs 
to  the  corresponding  parallel  stresses.30  The  magnitudes  of  the 
normal  stresses  are  maximum  at  the  surface  (equal  to  the  mag¬ 
nitudes  of  the  parallel  stresses)  and  decay  wjn  »  depth 
approximately  equal  to  the  layer  thickness.  TTierefore,  the 
growth  of  the  cracks  along  the  LaP04  layer  of  Fig.  (c)  is 

opposed  by  the  compressive  near-surface  stress  within  the 

LaPO„  layer.  The  magnitude  of  this  stress  is  approximately  130 
MPa.  However,  since  the  depth  over  which  the  stress  acts  is 
small  compared  with  the  crack  depth,  the  influence  on  the  crack 
length  is  not  large:  application  of  die  analysis  of  Lawn  an 
Fuller3'  indicates  that  the  corresponding  overestimate  of  the 
interlaminar  toughness  for  the  Al203/Zr02  composites  is  no 
more  than  10%. 


IV.  Discussion 

The  results  of  the  previous  section  indicate  *at,  when 
Ce-stabilized  zirconia  and  LaPO,  were  in  contact  at  1600C, 
some  of  the  Ce  diffused  into  the  LaP04,  displacing  La.  The 
displaced  La  reacted  with  the  zirconia  to  form  a  preap>*»° 
phase  containing  La,  Ce,  and  Zr,  possibly  a  pyrochlore-lfe 
structure.  When  Al  A  was  present  also  in  the  mixed  AlW 
Ce-ZrO,  layers,  the  displaced  La  formed  a  (La,Ce)  magne 
plumbite  aswell  as  LaAl03.  In  view  of  these  results,  it  is  ldcely 
that  CeP04,  which  has  the  same  monazite  structure  as  Lai'U* 
and  has  now  been  found  to  be  phase-compahb  e  wi 
Ce-Zr02,32  would  be  a  more  suitable  debondmg  phase  ror 

^contrastjdieresults  indicate  that  Y,  which  forms  a  different 
(but  related)  phosphate  structure,33  xenotime,  does  not  diffuse 
into  LaP04  at  1600°C,  and  La  does  not  diffuse  out  of  the  LaPU4- 
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The  fracture  behavior  of  the  Zr02/LaP04  layered  composites 
is  qualitatively  similar  to  that  of  Al203/LaP04  composites 
investigated  previously.13  Specifically,  normally  incident  cracks 
in  a  Zr02  layer  appear  to  penetrate  the  Zr02— LaP04  interface 
and  to  debond  either  at  the  LaP04-Zr02  interface  or  within  the 
LaP04  layer.  The  specific  location  of  debonding  and  damage 
within  the  LaP04  layers  is  influenced  by  the  morphology  of  the 
interface,  which  in  these  composites  has  roughness  on  the  scale 
of  the  grain  size  (see  Fig.  i).  Although  debonding  occurs  near 
the  interface,  the  crack  path  lies  both  at  the  interface  and  in 
the  LaP04.  This  observation  is  consistent  with  the  measured 
interlaminar  toughness  being  approximately  equal  to  the  tough¬ 
ness  of  LaP04.  Despite  this  complication,  useful  insight  may  be 
gained  by  comparing  the  measured  toughnesses  with  the  analy¬ 
sis  of  interfacial  debonding  by  He  and  Hutchinson.20 

Whether  a  crack  approaching  an  interface  between  two  mate¬ 
rials  will  debond  along  the  interface  rather  than  penetrate  into 
the  second  materia}  depends  on  the  ratio  I]/r2  of  the  fracture 
energies  of  die  interface  and  the  second  material,  as  well  as  the 
elastic  mismatch  parameter,20  a,  given  by 

a  f(JB| -■£;)/(«! <« 

where  E 9  is  the  plane  strain  Young’s  modulus.  The  critical 
values  of  r]/F2  calculated  by  He  and  Hutchinson20  are  shown  in 
Fig.  10.  With  the  toughnesses  measured  in  the  previous  section, 
the  following  parameters  are  obtained:  (l)  for  a  crack  about  to 


grow  from  LaP04  to  Zr02,  a  =  0.2  (£,  =  133  GPa  (Ref.  9), 
E2  =  200  GPa)  and  rt/r2  =  0.05;  and  (2)  for  a  crack  about  to 
grow  from  LaP04  to  Al203/Zr02f  a  =  0.35  ( E2  =  300  GPa) 
and  iyr2~0.l.  These  values  fall  below  the  critical  condition 
in  Fig.  10  so  that  debonding  is  expected,  as  observed. 

For  a  crack  growing  in  the  reverse  direction,  from  zirconia  to 
LaP04,  a  different  response  is  predicted.  In  diat  case,  T2  is  the 
fracture  energy  of  LaP04  (~7  J/m2)  and  die  sign  of  ot  is 
changed,  corresponding  to  interchanging  the  two  materials.  The 
corresponding  value  of  lyi^  (~l)  falls  above  the  critical  con¬ 
dition,  where  the  crack  is  predicted  to  grow  into  the  LaP04, 
as  observed. 

The  debonding  criterion  in  Fig.  10  is  also  influenced  by 
residual  stresses  parallel  and  normal  to  die  interface.  In  these 
composites  there  are  two  sources  of  residual  stresses. 

( i )  Transformation  Stresses:  If  the  Zr02  layers  were  to 
undergo  the  tetragonal-to-monoclinic  phase  transformation, 
either  during  cooling  or  in  the  tensile  stress  field  ahead  of  the 
incident  crack,  large  residual  stresses  would  be  generated.  The 
effect  of  these  stresses  can  be  estimated  using  the  analysis  of 
He  etal .,34  who  define  a  normalized  residual  stress  parameter 

V  =  (2) 


where  aR  is  the  residual  stress,  either  normal  to  the  interface  or 
parallel  to  the  interface  in  material  2,  a  is  a  characteristic  flaw 


Fig.  9.  Vickers  indentations  in  composite  of  Y-Zr02/Al203  and  LaP04.  (a)  and  (b)  SEM  micrographs  showing  damage  within  LaP04  layers, 
(c)  Comparison  of  interlaminar  crack  length  and  crack  length  in  Y-Zr02/Al203  matrix. 
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•1.0 


-0.5 


0=(E"2  -  E'i)/(G'2  +  E'l) 


Rg  10.  Comparison  of  fracture  energies  with  dobonding  criterion  of 
Hs  and  Hutctaison.20  Solid  curve  is  debond  criterion  for  tetragon 
zircoma  layers  (negligible  residual  stresses), 
mate  criteria  in  die  presence  of  residual  stresses.  O)  ^  *  ’ 

spending  toZrO,  layers  that  are  transformed  to  rr 

(residual  compression  in  Zt02  layers,  tension  in  LaPO.  layers)  and  (2)  ^ 

=  0M  for  ZrOj/AljOj  layers.  Symbols  represent  measured  properties 
for  LaP0./Y-ZtO2  and  LaP04/(Y-Zt02,  A1203)  systems. 

size,  arid  K  is  the  applied  stress  intensity  factor  for  the  incident 
crack.*  For  a  composite  with  equal  thickness  layers  ofL  r 
and  Zr02,  and  with  the  ZiOz  layers  fully  transformed,  the  resid_ 
ual  stresses  are  as  follows:  zero  normal  to  e  ay®rs,  _ 

MPa  parallel  to  the  layers  within  the  .  „r 

MPa  parallel  to  the  layers  within  the  Zr02.  Taking  ec^  ^ 
teristic  flaw  size  to  be  equal  to  the  gram  size  (  ) 

the  toughness  of  zirconia  (~6  MPa  m*'2),  we  obtain^  -  +0. 15 
for  a  crack  growing  from  transformed  ZrOz  to  LaPO,  and  r\ 
-0.15  for  a  crack  growing  in  the  reverse  direction. 
sponding  positions  of  the  critical  debond  conditions  from  the 
results  of  He  et  al™  are  shown  as  broken  lines  in  Fig.  JO-  For 
both  directions  of  crack  growth,  the  effect  of  residual  stress 
makes  the  response  already  described  more  likely. 

(ii)  Thermal  Expansion  Mismatch  Stresses:  As  discussed 
in  the  previous  section,  residual  stresses  due  to  thermal  expan¬ 
sion  mismatch  are  present  in  composites  consisting  of  layers  of 
A1  O  -ZrO,  and  LaPO„  (these  stresses  are  negligibly  small  m 
comfKj^ites  consisting  only  of  ZrOz  and  LaP04).  The  J 

mismatch  is  the  same  as  that  of  the  tetragonal-to-monoclinic 
transformation.  The  magnitude  of  these  stresses  for  the  T  l 
Al203  to  ZrOz  ratio  is  ~200  MPa,  giving  1)  =  0.04.  The  corre¬ 
sponding  shift  in  the  critical  debond  condition  is  shown  in 
Fig.  10;  the  shift  does  not  Change  the  behavior  described  abov  . 

V.  Conclusions 

Lanthanum  phosphate  forms  a  weakly  bonded  interface  with 
Y-stabilized  zirconia  and  Y-Zr02/Al203,  which  is  stable  at  tem¬ 
peratures  at  least  as  high  as  1600°C.  However,  with  Ce-s  i 
zk>2,  counter  diffusion  of  Ce  and  U  produces  a  new  pyrochlore- 
like  phase.  In  the  presence  of  two-phase 

formation  of  a  (La,Ce)  magnetoplumbite  was  observeT  Desp.  e 
these  reactions,  multilayered  composites  exhibited  debonding  in 
the  LaP04  layers  when  loaded  in  bending. 

Acknowledgment:  We  wish  to  thank  Dr.  John  Armstrong  and  Paul 
Carpenter  for  their  assistance  with  the  electron  microprobe  measurements. 

R‘^rpnitoLr  H  M  Chan,  and  G.  A.  Miller,  “Unique  Opportunities  for 
Microstrurtural  Engineering  with  Duplex  and  Laminar  Ceramic  Composites, 
/.Am.  Ceram.  Soc..  75  (71  17 15-/8  ( 1992) 


~  >EquatH^(2)  is  an  approximate  expression,  valid  as  long  as  the  elastic  mismatch  is 
not  too  large. 14 


■D  B.  Marshall,  J.  1.  Ratio,  and  F.  F.  Unge.  “Erfianced  Fracture  Toughness 
in  Layered  Composites  of  Ce-ZtO.  and  Al20„”  Z  Am.  Ceram.  Soc.,  74  (12) 

291>D~B.  Marshall,  "The  Design  of  High  Toughness  Laminar  Zirconia  Compos¬ 
ites."  Am.  Ceram.  Soc.  fi«R.  71  (6|  969-73  (1992). 

«b  B  Marshall  and  I.  J.  Ratio.  “Crack  Resistance  Curves  m  layered 
r.-7r0  /A1  O,  Ceramics";  pp.  517-23  in  Science  and  Technology  of  Zircoma 
V.  Edited  by  S.  R  S.  Badwai,  M.  J.  Bannister,  and  R.  J.  H.  Hannmk.  Technomtc, 

l  .mcas^ci^PA.^l  W  ^  Hannef  [(  M  (-|ian  and  o.  A  Miller,  “Design  of  a 
Laminated  Ceramic  Composite  for  Improved  Strength  and  Toughness."  J.  Am. 

“Crack  Deflectionin  Ceramic/ 
Ceramic  Laminates  with  Strong  Interfaces,”  Z  Am.  Ceram.  Soc.,  78  (14)  1 125- 

27,P*  ^Nicholson  P  Sarkar,  and  X.  Haung,  “Electrophoretic  Deposition  and  Its 
Use^o  s“Se  iOr/Al  A  Micro-Laminate  Ceramic/Ceramic  Composr.es,” 

L  Mater.  Set,  28, 6274-78  (1993).  7 

*i  S  Moya,  “Layered  Ceramic.  Adv.  Mater.,  7, 185  89(1995).  ^ 

’W.  J.  Clegg,  K.  Kendall,  N.  M.  Alford,  T.  W  Button,  andJD.  ^  nchaJkA 
Simple  Way  to  Make  Tough  Ceramics,  Nature  (Condon),  347, 455-57  (I9**b* 

S  “A.  J.  Phillipps,  W.  I.  aegg,  and T.  W.  Oyne. "The Cotrelatron  oflnterfacial 
and  Macroscopic  Toughness  in  SiC  Laminates,"  Composites.  24  (21  166-76 

ju  and  s  M  Hsu  “Fracture  Behavior  of  Multilayer  Silicon  Nitride/ 
Boron  N^C^cs.”  Z  Am.  Ceram.  Sac  .79  (9)  2452-57(1996). 

hi  B  Davis  and  W.  I.  Clegg,  “Ceramic  Laminates  for  High  Temperature 
structural  Applications”;  presented  at  die  97«h  Annual  Meeting  of  the  American 
Ceramic  Society,  Cincinnati,  OH,  May  3. 1995,  lornt  Engmeenng  Ceramics  and 

Basic  Science  Divisions  (Paper  No.  C-37-95).  .  , 

Up  £  D  Morgan  and  D.  B.  Marshall,  “Ceramic  Composites  of  Monazite  and 

Alumina,”/ Am.  Ceram.  Soc.,  78  (61 1553-63  (1995). 

<T>  E.  D.  Morgan,  D.  B.  Marshall,  and  R.  M.  Housley,  ■‘[ligh  TemperaWre 
Stability  of  Mona  rite -Alumina  Composites,”  Z  Mater.  Set.  Eng.  A,  195,  215 

22|'d!h  Kuo  and  W.  M.  Kriven,  “Characterization  of  Yttrium  Phosphate  and  a 
Yttrium  Phosphate/Yttrium  Aluminate  Laminate,”  Z  Am.  Ceram.  Soc.,  78  U  I 

~l  I  ^  Kuo  ^  and  W.  M.  Kriven,  “Chemical  Stability.  Microstructure  and 
Mechanical  Behavior  of  LaPO.-Containing  Ceramics,”  Mater.  Set.  Eng.  A.  210, 

l2”p3E^D9Moraan  and  D.  B.  Marshall,  “Functional  Interfaces  in  Oxide-Oxide 
Composites,"/.  Mater.  Sci. Eng.  A,  162  (1-21 15-25  (1993). 

«M°  K.  Cinibulk  and  R.  S.  Hay,  ‘Textured  Magnetoplumbrte  Fiber  Matnx 
Interphase  Derived  Sol-Gel  Fiber  Coatings.”  /.  Am.  Ceram.  Soc..  79  (51  1233 

4^,’M<H>  Lewis,  M.  G.  Cain,  P.  Doleman,  A  G.  Razzell,  and  J.  Gent,  “Develop- 
m„n.  interfaces  in  Oxide  and  Silicate-Matrix  Composites  ;  PP*  41  52  1<l 
rmm'ir  Transactions  Vol.  58,  High-Temperature  Ceramic-Matrix  Composites 
l:  Design.  Durability,  'and  Performance.  American  Ceramic  Society,  Westerville, 

OH4"y.  He  and  I.  W.  Hutchinson,  “CrackDefl^hmatanlnterface  between 

F™.  “New 

Method  for  Efficient  Colloidal  Particle  Peking  via _Modtdatton  of  Repulstve 
L^CC  ' cLsolLion  of  ALO, 

and  Aip^ZriJ.CompositeSl^es  vs  Intetp^tcle^e^ls.  Particle  a 

Y  Ltrh,  and 

D  B  ltatall,  “Some  Structural  Properties  of  Ceramic  Matrix 
ite”;  pp.  543-53  in  Proceedings  of  5th  Internationa^  Conference  on  Compos.te 
Materials.  Metallurgical  Society,  Warrendale,  PA,  1985  Performance 

14 A.  G.  Evans,  “Engineering  Property  Requirements  for  High 

Ceramics”  Mater.  Sci .  Eng.,  7t  ^  (19m 

iwsssr 

Failure  I 


pp. 

Edited  L, 

C0"b°W  ’ S^andT A.  Grove,  “Detemunation  of  Crack  Propagation  Direc- 

“A  Critical 

Evaluation  of  Indentation  Techniques  for  Measuring  Fracture  Toughness. 

under  Biaxial  Residual  Compressive  Stress,  /.  Am.  Ceram.  Soc.,  78  ( 

Tr!  uwb  and  E.  R.  J-  Fuller,  “M^un^ent  of  Thm-Uyer  Surface 
Stresses  by  Indentation  Fracture,”  /.  Mater.  Set.,  19, 49|I-67  (  )■  „M  hi[1 

“J  B  Davis  D.  B.  Marshall,  P.  E.  D.  Morgan,  and  R.  M.  Housley,  M 
able  Ceramics  Based  on  LaPO.  and  CePO.,”  unpubltshed  work- 

530.  Muller  and  R.  Roy,  The  Major  Ternary  Structural  Families.  Spring 

Ve«M  'YeHeY°AG97Evans,  and  I.  W.  Hutchinson,  “Crack  Deflection  at  An 
Interfere  between  Dissimilar  Elastic  Materials;  Role  of  Residual  Stresses,  /  ■ 
J.  Solids  Struct 31  [24]  3443  -55  (1994). 


F4620-96-C-0026 

71123 


10.0  Nonlinear  Stress-Strain  Curves  for  Solids  Containing  Closed  Cracks  with 

Friction 


by  Lawn,  B.R.  and  Marshall,  D.B 


The  following  section  is  a  paper  published  in  J.  Mech.  Phys.  Solids,  46[1]  85-113  (1998) 


16 


fN  Rockwell 
"Ai  Scientific 


Pergamou 


j  Mech.  Phys.  Solids,  Vot.  46,  No.  1,  pp  85-113, 1998 
©  1997  Elsevier  Science  Ltd 
Printed  in  Great  Britain.  All  rights  reserved 
0022-5096/97  $17.00 +0.00 

PII:  S0022-5096(97)00036-7 


NONLINEAR  STRESS-STRAIN  CURVES  FOR  SOLIDS 
CONTAINING  CLOSED  CRACKS  WITH  FRICTION 

BRIAN  R.  LAWN 

DAVID  B  MARSHALL 

Rockwell  Science  Center,  1049  Camino  Dos  Rios,  Thousand  Oaks,  CA  91360,  U.S.A. 

(Received  Vi  February  1997;  in  revised  form  17  May  1997) 

ABSTRACT 

solute  fo,  Ihu 

nonlinear  cracks  are  derived.  First,  ul  mg  °9  .  ^  dissioative  tractions  at  their  surfaces,  in  either 

solutions  are  derived  for  ^  a  body  in  compression  loading  with  sliding  closed 

tension  or  compression  loading.  The  sPecia1^  . ,  .  y  a  ^  study.  The  friction  law  contains  two 
cracks  governed  by  a  general  faction  £w  Tnro^rM  t^eSlved  normal  compression  stress 

shear  distance  terms:  a  “faction  coefficient  term  P™P<>r“ L^inS  shear  resistance  of  the  closed 

across  the  crack  plane;  and  a  ‘  cohesion  weU-defmed  yield  point  in  the  stress-strain 

crack.  Inclusion  of  the  latter  term  is  critical  ds  during  the  loading-unloading-reloading 

curve.  It  is  assumed  that  the  cracks  do  not extend  ^  Jen  ends ^dunng  m  S  crack  distributions 

cycle;  they  are,  however,  allowed  to  u"derf°^e^  quasi-plastic  stress- 

are  considered:  all  cracks  aligned,  leading  to  h  fbut  nonetheless  tractable)  expressions 

for  the  quasi-plastic  regions.  The  resultant  nonlm  Illustrative  stress-strain  curves  are 

extent  dependent  on  friction  and  crack  configurat.on  P^^^^^ofTheaaalvsis  is  the  potential 
generated  for  selected  ranges  of  these  contro  g  paraiu  0{ferjng  the  prospect  for  predictions 

finkto  micrdstructural  variables,  via  the ® prospect^  accounting  for 
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L  INTRODUCTION 

The  class  of  problems  involving  ordinarily  brittle  materials  with  nonlinear  constitutive 
stress-strain  responses  has  received  surprisingly  little  attention  in  e  m 
literature  Such  nonlinear  responses  are  common  in  rocks  (Jaeger  an  oo  , 
Person '  1978)  and  concretes  (Shah,  al,  1995),  and  even  in  some  ceramic  (Lawn 
etal  1994a  •  Padture  and  Lawn,  1995a, b),  under  constrained  compression  load  g. 
mhoL  ^  the  nonlinearity  is  attributable  to  sliding  friction  at  pre-existent  internal 
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crack-like  defects  (Ashby  and  Hallam,  1986;  Horii  and  Nemat-Nasser,  1986;  Nemat- 
Nasser  and  Obata,  1988;  Kemeny  and  Cook,  1991 ;  Myer  et  al.,  1992)  or  incipient 
microstructural  “shear  faults”  (Lawn  et  al.,  1994a).  Nonlinear  responses  are  also 
observed  in  certain  otherwise  brittle  solids  under  tension  loading,  e.g.  ceramics  con¬ 
taining  “bridged”  cracks  where  frictional  tractions  from  grains  (Mai  and  Lawn,  1987 ; 
Swanson  et  al.,  1987),  reinforcing  fibers  or  whiskers  (Cox  and  Marshall,  1991)  or  metal 
ligaments  (Evans,  1990)  restrain  crack  separation.  Experimentally,  the  nonlinearity  is 
manifested  as  a  departure  from  ideal  elasticity  above  some  threshold  “yield”  stress  in 
the  loading  half-cycle,  with  hysteresis  on  unloading. 

Linear  problems,  on  the  other  hand,  have  been  widely  addressed,  especially  by 
those  concerned  with  effective  elastic  moduli  of  bodies  containing  arrays  of  micro¬ 
scopic  cracks.  If  the  cracks  do  not  extend  or  multiply  the  loading  response  remains 
linear,  although  with  reduced  modulus  relative  to  an  ideal  uncracked  solid,  and  again 
with  possible  hysteresis  on  unloading.  A  classic  example  is  a  compressively  loaded 
body  containing  an  array  of  identical  closed  cracks  governed  by  a  simple  coefficient 
of  sliding  friction  (Walsh,  1965;  Jaeger  and  Cook,  1971).  The  load-unload  stress- 
strain  curve  for  this  system  has  three  branches :  (i)  loading  branch,  linear  through  the 
origin,  but  with  reduced  modulus  owing  to  continuous  frictional  sliding  at  the  crack 
interfaces;  (ii)  partial  unloading  branch,  linear  but  with  intrinsic  modulus  cor¬ 
responding  to  that  of  an  uncracked  solid,  reflecting  a  transient  delay  in  sliding  as  the 
friction  reverses ;  (iii)  final  unloading  branch,  linear  back  through  the  origin,  with  even 
lower  modulus  than  during  loading,  as  reverse  sliding  is  activated.  Linear  solutions  arc 
also  available  for  various  crack  geometries  in  tension  and  for  various  effective  media 
approximations  (Budiansky  and  O’Connell,  1976;  Horii  and  Nemat-Nasser,  1983; 
Hashin,  1988),  for  fluid-filled  cracks  (Budiansky  and  O’Connell,  1976),  and  for  crack 
arrays  with  interactions  (Kachanov,  1992 ;  Kachanov,  1994).  Nonlinear  stress-strain 
solutions  in  the  loading  half-cycle  exist  only  for  cases  where  the  cracks  are  allowed  to 
extend  from  their  ends  Ashby  and  Hallam,  1986 ;  Horii  and  Nemat-Nasser,  1986 ; 
Nemat-Nasser  and  Obata,  1988 ;  Kemeny  and  Cook,  1991 ;  Myer  et  al.,  1992). 

In  the  first  part  of  this  paper  (Section  2)  we  derive  generalized  solutions  for  an 
isotropic  body  containing  a  random  three-dimensional  distribution  of  non-inter¬ 
acting,  stationary,  nonlinear  cracks  for  use  as  a  basis  for  damage  modelling.  We 
begin  by  considering  the  energetics  for  cracks  governed  by  a  nonlinear  constitutive 
displacement-stress  relation,  and  thence  present  a  formulation  for  the  stress-strain 
response.  The  stress  state  is  conveniently  taken  to  be  uniaxial,  tension  or  compression, 
but  may  be  readily  extended  to  multiaxial  loading. 

In  the  second  part  of  this  paper  we  consider  a  special  nonlinear  crack  system  as  an 
illustrative  case  study,  first  a  body  with  a  single  closed  crack  (Section  3)  and  then  a 
body  with  multiple  non-interacting  closed  cracks  (Section  4),  in  uniaxial  compression. 
The  problem  is  similar  to  the  one  described  by  Walsh  (1965),  but  with  sliding  governed 
by  a  more  generalized  friction  law.  Specifically,  the  friction  law  includes  an  additional 
“cohesion”  term,  representing  the  shear  resistance  of  the  closed  crack  interface  in  the 
absence  of  any  superimposed  normal  stress  (Bowden  and  Tabor,  1986 ;  Nemat-Nasser 
and  Obata,  1988),  and  thereby  contains  provision  for  the  description  of  a  yield  point 
in  the  stress-strain  curve.  Again,  it  is  assumed  that  the  cracks  do  not  extend  dr 
increase  in  density  during  the  loading-unloading  cycle,  although  the  number  of 
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actively  sliding  cracks  in  the  existing  population  may  be  a  function  of  load.  Due 
attention  is  given  to  the  ensuing  conditions  for  forward  and  reverse  crack-interface 
sliding  during  loading  and  unloading,  allowing  for  cyclic  hysteresis.  Nonlinear  stress 
strahf relations  are  then  derived,  and  illustrative  load-unload  curves  generated,  for  a 
range  of  crack  densities  and  sizes  and  friction  terms.  A  key  outcome  of  the  analysis 
is  the  explicit  form  of  these  relations,  offering  in  those  cases  where  the  cracks  a 
associated  with  the  microstructure  a  potential  link  to  characteristic  materia 

parameters. 


2  GENERAL  STRESS-STRAIN  RELATIONS  FOR  BODIES 
CONTAINING  NONLINEAR  CRACKS 

Tn  this  section  we  derive  general  stress-strain  relations  for  a  body  containing  a 
distribution  of  randomly  oriented,  non-interacting  slit-like  cracks.  The  body  is  iso- 
tronic  and  linear  elastic  everywhere  but  at  the  crack  surface,  where  irreversible  trac¬ 
tions  operate.  These  tractions  are  assumed  to  be  governed  by  a  nonlinear  constitutive 
relation  between  applied  stresses  and  crack-opening  displacements.  The  primary 
source  of  nonlinearity  of  interest  here  is  that  arising  from  sliding  frictional  forces 
acting  between  closed  crack  surfaces  in  compressive  loading.  However,  other  potential 
sources  of  nonlinearity,  e.g.  from  bridging  ligaments  that  restram  crack  opening  in 
tensile  loading,  may  equally  well  be  considered.  For  simplicity,  we  will  address  the 
case  of  uniaxial  loading.  Extension  to  more  complex,  biaxial  or  triaxial  stress  states 
is  straightforward  (Kachanov,  1992;  Kachanov,  1994).  Our  approach  is  analogous 
to  that  laid  out  by  previous  workers  (Walsh,  1965 ;  Budiansky  and  O  Connell,  1976), 
except  that  we  modify  the  formulation  in  such  a  way  as  to  allow  for  nonlinearity. 

The  starting  point  for  the  analysis  is  an  expression  for  the  complementary  energy 
density  of  the  cracked  body  as  the  sum  of  two  terms  :  the  complementary  energy 
density  for  the  body  without  cracks,  plus  the  crack  energy  density  W  (Appendix  )  . 


I 


ed<r  =  o2I2E0  +  W, 


(l) 


where  e  is  the  average  strain  in  the  body,  <r  is  the  applied  stress  and  E0  is  Young  s 
modulus  of  the  uncracked  body.  If  the  cracks  are  non-interactmg,  fT  is  the  sum  over 
the  energies  w{  of  all  cracks  contained  within  the  volume  Fof  the  body . 

(2) 


NV 


w={uv) 

i=  l 

where  N  is  the  crack  number  density.  Differentiation  of  (1)  yields  a  general  strain- 
stress  relation : 

e  =;  <r/£0  +  dWfda.  (3) 

Equation  (3)  conveniently  expresses  the  strain  as  the  sum  of  the  strain  in  the  uncracked 
body  and  the  additional  nonlinear  strain  from  the  cracks. 
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a 

Fig.  I.  Body  containing  crack,  area  A,  characteristic  length  c  (A  =  ftc2),  orientation  ft  to  applied  stress  a . 
(a)  tension,  (b)  compression.  Resolved  normal  and  shear  stresses  <jfi  and  and  corresponding  dis¬ 
placements  A u(<rfi)  and  Au(n>),  indicated. 


Now  consider  the  crack  energy  w  for  an  elastic  body  containing  a  single  internal 
crack  of  area  A  and  orientation  p  relative  to  the  applied  stress  <r,  either  tension  [Fig. 
1(a)],  or  compression  [Fig.  1(b)].  Resolved  normal  and  tangential  stresses  <rfi  and  rfi 
on  the  crack  plane  are 


Nonlinear  stress-strain  curves  for  solid s 


89 


=  tfsitl2/},  (4a) 

=  o  sin  /?  cos  /J, 

with  corresponding  displacement  changes  averaged  over  the  crack  area 

A  a(a)  =  u(<x)  — u(0),  C>a) 

At)(<r)  =n(<r)— »(0). 

In  problems  involving  cracks  in  reverse  loading  with  irreversible  tractions  at  the  crack 
surfaces,  or  where  cracks  are  subject  to  internal  residual  stresses  nonzero  va  ues  o 
«(0)  and  0(0)  are  encountered.  The  crack  energy  may  be  written  (Appendix  A) 

w(ffJ)  =  2A  [f  A u(op)  +  j*  A0(tp)  dr^"j 

=  2  A  [Am(<i,  p)  sin2  p + A0(<r,  ft)  sin  p  cos  p]  d&.  (6) 

Strictly  (6)  is  restricted  to  cracks  with  sliding  displacements  A0  parallel  to  the  resolved 
shear  stress  t «.  this  condition  is  satisfied  for  any  crack  with  an  elhptical  front,  including 
the  limiting  cases  of  penny  and  straight-front  plane  cracks,  provided  one  of  the 
elliptical  axes  is  aligned  along  the  direction  of  resolved  shear  stress  (Appendix  ). 

For  non-aligned  elliptical  cracks  a  tensor  form  of  (6)  is  needed.  , 

Now  suppose  the  body  contains  a  density  A  of  non-interacting  randomly  oriented 
cracks.  If  N  is  sufficiently  large,  the  sum  in  (2)  may  be  replaced  by  an  Integra  over 
all  orientations  j 9  (Walsh,  1965 ;  Budiansky  and  O’Connell,  1976)  . 


jV/2 

=  N  I  w(a. 


P)  cos  p  dp. 


Where  the  cracks  are  of  uniform  shape  and  size,  (6)  and  (7)  may  be  combined  to  give 
lV(a)  =  2NA  |  |  sin  P  cos  /J(A«(<r,  p)  sin  p + A 0(d,  p)  cos  p]  da  dp.  (8) 

Where  cracks  are  not  active  over  the  entire  angular  range  (as  in  the  case  for  cracks 
with  friction.  Section  3),  angular  limits  for  ft  in  (8)  need  to  be  appropriately  restricted^ 

The  combination  of  (3)  and  (8)  provides  a  general  expression  for  the  stress-strain 
curve  in  terms  of  the  crack-surface  displacements  Au(<r,  P)  and  A v(a,  P),  t  e.  _ 

^constitutive  behavior  of  the  individual  cracks.  These  two  equations  provide^ the 
basic  starting  point  for  the  case  study  of  cracks  with  frictional  sliding  considered  in 

^Before  concluding  this  section,  two  special  cases  may  be  noted,  as  follo^-  (0  If  the 
angular  Umits  for  active  cracks,  jS,  and  02,  are  independent  of  a  (linear  constitutive 
law),  then  (8)  may  be  readily  differentiated  with  respect  to  d,  as  required  ut  (3)  - 

d  Wj  da  =  2NA  :f  sin /i  cos  p[M(ff,  P)  sin  /?  4-  Av(a,  P)  c°s  dP,  W 
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leaving  a  single  integral  over  a  fixed  range  of  /?.  (ii)  If,  farther,  the  displacement 
functions  P)  and  Av(a,  /?)  are  both  proportional  to  a,  (3)  and  (9)  reduce  to  a 
linear  stress-strain  curve.  Cases  considered  previously  (Walsh,  1965 ;  Budiansky  and 
O’Connell,  1976;  Horii  and  Nemat-Nasser,  1983;  Hashin,  1988;  Kachanov,  1992; 
Kachanov,  1994)  are  of  this  form.  However,  if  either  of  these  two  conditions  is  not 
satisfied,  the  stress-strain  curve  is  necessarily  nonlinear  and  must  be  computed  from 
the  general  form  of  (3)  and  (8). 


3.  STRESS-STRAIN  CURVES  FOR  BODIES  IN  COMPRESSION 
LOADING  CONTAINING  CLOSED  CRACKS  WITH  FRICTIONAL 
SLIDING :  SINGLE-CRACK  SOLUTIONS 

In  this  section  we  consider  the  special  case  of  a  brittle  solid  containing  a  single 
closed  crack  [“shear  fault”  (Lawn  et  al.,  1994a)],  free  of  internal  residual  stresses  and 
with  generalized  sliding  friction  between  the  crack  surfaces  (Jaeger  and  Cook,  1971), 
in  uniaxial  applied  compression  o\  The  formulation  of  Section  2  is  applicable.  With 
the  restriction  that,  since  the  cracks  are  closed,  normal  displacements  across  the  crack 
plane  are  precluded  (Au  =  0).  Also,  since  we  shall  now  be  concerned  exclusively  with 
compression  loading,  we  adopt  a  sign  convention  that  take's  compressive  stresses  and 
corresponding  displacements  as  positive. 

In  the  following  section  we  extend  the  solutions  to  a  body  containing  specified 
distributions  of  cracks. 


3.1.  Constitutive  friction  law 

Consider  a  body  containing  a  crack  at  orientation  P  [Fig.  1(b)].  Sliding  of  the  crack 
surfaces  is  driven  by  the  resolved  shear  stress  xfi  [equation  4(b)]  on  the  crack  plane: 
Let  this  sliding  be  resisted  by  a  frictional  stress  xt  =  xc+pap,  where  xc  is  a  “cohesion 
stress”,  p  is  a  friction  coefficient  and  Op  is  the  resolved  normal  stress  [Equation  4(a)] 
(Horii  and  Nemat-Nasser,  1986 ;  Nemat-Nasser  and  Obata,  1988) : 

tf  =■ xc  +  fio  sin2  p.  (10) 

This' relationship  has  been  confirmed  extensively  in  direct -measurements  of  friction 
in  rocks  and  soils  (Jaeger  and  Cook,  1971).  Many  studies  (Walsh,  1965)  use  a 
simplified  form  of  (10),  with  xc  =  0.  We  will  show  later  that  inclusion  of  the  tc  term 
is  crucial  to  certain  features  of  the  stress-strain  behavior,  notably  the  existence  of  a 
yield  stress  (Nemat-Nasser  and  Obata,  1988). 

3.2.  Crack  sliding  displacements  , 

The  average  sliding  displacements  of  the  closed  crack  surfaces  are  proportional  to 
the  net  shear  stresses  acting  on  the  crack.  The  general  formis  (W alsh,  1965 ;  Budiansky 
and  O’Connell,  1976) 
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V 


f (rjcj  E0)  (xp — Tf)  (loading),  (Ua) 

{(ncfEo)^  -Htl  i unloading ),  (llb) 

tore  c  is  a  characteristic  crack  dimension,  related  to  crafck  area  by 

ipplied  stress  a : 

-xc  (loading), 

( unloading ); 


(E0lnc)v 


-e 


■*w«- 


(fi)<T  +'TC 


(12a) 

(12b) 


where  we  define  the  quantities 

a+(fi)  =sinPcosp-fisin2P,  (l3a^ 

a-(jS)  =4  sin  ft  cos  P+fi  sin2 /}.  (13  b) 

The  constitutive  relations  in  (12)  are  represented  in  Fig.  2  as ;  a  plot of 
a  against  displacement  term  (E0Mc)v  for  a  load  unload  rM1LioQma)}  with 

beaches  (—^branch 

displacement-axis  intercept  -tc  a;nd  stress-axis  mtercep  J  , 
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[equation  (1 2b)J,  with  displacement-axis  intercept  tc  and  stress-axis  intercept 
We  identify  the  following  stages  (arrows)  in  the  hysteretic  loading  cycle : 

(i)  Loading.  During  initial  loading,  the  crack  faces  do  not  slide  until  the  applied 
shear  stress  equals  the  frictional  resistance,  corresponding  to  intersection  of 
the  vertical  loading  line  v  =  0  with  the  upper,  forward  sliding  branch  in  (12a), 
defining  a  “forward  yield  stress” 

ay  ~  xcla  +  (fi) 

=  Tc/(sin/?cos/?—  /rsin2  /?).  (14) 

With  continued  loading  above  a  =  a* ,  forward  sliding  proceeds  along  the 
upper  branch  in  Fig.  2  until  the  peak  stress  o  =  a*  is  reached. 

(ii)  Unloading.  On  unloading,  the  friction  terms  reverse  sign.  Initially,  the  crack 
faces  remain  stationary  along  the  vertical  unloading  line  0  —  via*)  in  (12a), 
until  this  unloading  line  intersects  the  lower,  reverse  sliding  branch  v  =  v{o~) 
in  (12b),  defining  a  “reverse  yield  stress” 

oy  =  [a+(/?)a*-2rc]/ar(0) 

—  [<r*(sin  /?  cos  p —g  sin2  /?) — 2rc]/(sin  /?  cos  P+g  sin2  /?).  (1 5) 

With  continued  unloading  below  a  =  try,  reverse  sliding  proceeds  along  the 
lower  branch  in  Fig.  2,  leaving  a  residual  displacement  v(0)  =  tjcxJ E0  at  o  =  0 
in  (12b).  Note  that  if  xc  =  0  [as  taken  in  previous  analyses  (Walsh,  1965)}, 
then  v( 0)  =  0  (the  hysteretic  cycle  closes).  Note  also  that  no  reverse  sliding 
will  occur  at  all  if  o~  <  0,  corresponding  to  a*  <  2tc/a +(/?)  [i.e.  peak  stress 
less  than  twice  the  forward  yield  stress  in  (14)]. 

(iii)  Reloading.  During  reloading,  the  crack  faces  remain  stationary,  at  v  =  r)cxJE0t 
until  the  forward  sliding  branch  is  again  intersected,  at  a  —  o+ ,  after  which 
this  branch  is  followed  up  to  a*.  Further  cycling  between  the  same  zero  and 
peak  loads  then  repeats  the  hysteretic  unload-reload  loop. 

This  hysteretic  formulation  lays  the  groundwork  for  a  consideration  of  fatigue,  by 
progressive  attrition  of  g  and  tc,  manifested  in  Fig.  2  as  cyclic  shifts  in  the  hysteretic 
loop  (Padture  and  Lawn,  1995b). 

3.3.  Crack  energy  and  stress-strain  curve 

For  a  body  containing  a  crack  at  orientation  /?  in  uniaxial  compression  <r  [Fig. 
1(b)],  insertion  of  Aw  =  0  into  (6)  reduces  the  crack  energy  to 

w(<r,P)  =  2/4 sin/? cos/? J*  Ae(cr)d<x.  (16) 

This  integral  is  evaluated  by  inserting  (12)  and  (13),  in  conjunction  with  (14)  and 
(15),  for  the  various  stages  of  loading,  unloading  and  reloading.  The  pertinent  energies 
at  any  given  applied  stress  <r  are  represented  by  the  shaded  areas  in  the  schematic 
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Fig.  3. 


f  r-\  in  Fin  1  Note  that  there  ate  zero  contributions  to  the  energy  in  the 
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Strain,  £ 


Fig.  4.  Stress-strain  curve  for  body  with  single  closed  shear  crack,  showing  load-unload-reload  cycle.  Note 

linear  segments. 


also  that  the  displacement  changes  used  to  calculate  the  energies,  and  thence  the 
strains,  are  measured  relative  to  thedisplacements  at  the  beginning  of  sliding  in  each 
of  the  loading,  unloading  and  reloading  segments.  Integration  then  gives: 

(Qtjc2  /  E0)g+ (fi)[<r (J})\2  (loading,#?  <<r  <  o*)*  (17a) 

w(a, P)  =  (fV3/ E0 )g - (fi)[<Ty  (fi)-#]2  (unloading, 0  ^  a  <  <xy“),  (17b) 

(Clrjc3 / E0)g+ (fi)[(T  —  2a*  (Ji)]2  (reloading,  2<rf  <  a  <  a*),  (17c) 

where  again  we  write  crack  area  A  in  terms  of  a  characteristic  linear  dimension  c, 
A  =  £lc2,  and  we  define  the  quantities 

g*(fi)  =  a+ (P)  sin  /?  cos  p 

=  sin/fcos/?(sin/?cos/J  —  fisin2  p),  (18a) 

g~(P)  =  a~(/?)sin/?cos/i 

—  sinpcosP(sinPcosP+gsin2  P).  (18b) 

It  is  instructive  to  construct  the  stress-strain  curve  <r(e)  for  this  single-crack  system, 
as  in  Fig.  4.  During  the  stages  of  loading,  unloading  and  reloading  where  the  cracks 
remain  closed  and  passive,  branch  slopes  are  governed  by  the  intrinsic  modulus  E0  of 
the  uncracked  body.  Forward  and  reverse  sliding  occurs  along  the  upper  and  lower 
sliding  branches,  with  consequent  reductions  in  effective  modulus.  On  these  sliding: 
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branches,  the  slopes  of  the  functions  <r(s)  are  determined  by  substituting  (17)  into  (3), 
with  wlV'm(2): 

(E0I{ l  +  2Qijc V (P)l  V\  {loading,  reloading),  (19a) 

(<W  de)  =  |£o/[l  +  2Qllcig- (p)l  V\  {unloading),  (l9b) 

bhiCh  f  NMet^inTJ  a^itonJata  after  unloading 

linear  segments  in  rig.  -  .  ..  tW  ch^nnent  reload/unload  curves  form  a 

ssrs.  ,j... 

degrade  in  successive  cycles). 

.  CTppcc  STRAIN  CURVES  FOR  BODIES  IN  COMPRESSION 
'  ISS  1t«»  CRACKS  WITH  FRICTIBNAL 

loading  <»nc  :  MULT1PLE.CRACK  solutions 

Now  let  us  extend  the  analysis  to  adrrittle  solid  containing  a  distribution .of  many 

we  integrate  the  ™“gy«pte=  “  “  ^  be  calculated.  Here, 

rtt"SibS„tt^Uracb  commonly  altgned;  second,  cracks 

ratrre  ^ving  out  the  energy  and  stress-strain  analyses,  consider  the  allowable 
cr£k  orientation  range  for  sliding  under  any  given  set  of  loading  cond,  ion?. 

4.1.  Angular  limits  for  sliding  activity 

In  a  body  ™ sliding  defined 
ranges  of  p,  m  accoraan  _  .  (15)  These  functions  are  plotted 

sdiematicafiy^n  ^aJ/Theloading  function  of  {f)  has  a  minimum,  and  unloading 
function  o;{P)  a  maximum,  at  ,  a 

AS.  =  iarctan(lM),  (&) 

/Itnax  =  arctan {l/[(l  +gz  +gd*Ixc)il  ~  /XD> 

.  .  _+!»+  v  and  a-(B-  )  -The  active  angular  ranges  at  any  given 

defining  yield  points  a  W  y  ™'„  ti  between  the  horizontal  heavy 

ra“S\S.  maximum  at  «  =  n*  S  Jlariy,  the  range  dr  to  H;  for  reverse 

<7  =  to  a  maximu  j  . . .  L  )  to  a  maximum  at 

sliding  expands  with  decreasing  appUed  stress  below  °  e  for  reverSe 

o  =0.  With  the  exception  of  the  special  case  r  -  0,  the  maximum  ^  ^  ^ 
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Crack  orientation,  p 

Fig.  5.  Plots  of  loading  a*  (/?)  and  unloading  <r~(fi)  functions  in  (14)  and  (15)  (heavy  curves),  (a)  Schematic 
plot,  illustrating  angular  limits  for  crack-surface  sliding  at  any  specified  applied  stress  a  (heavy  horizontal 
dashed  line),  (b)  Analytical  plot,  for  indicated  values  of  xj<r *t  at  n  —  0.  (c)  Same  as  (b),  but  for  fx  =  0.5. 


2xc.  Hence,  (20a)  remains  valid,  and  the  appropriate  <7y+  (fl)  curve  is  simply  displaced 
upward  on  the  stress  axis  by  a  factor  of  two,  as  indicated  by  the  dashed  curve  in  Fig. 
5(a)  (the  unloading  curves  are  unchanged).  Accordingly,  the  active  range  flt  +  to 
+  for  reloading  will  be  somewhat  lower  than  for  loading.  At  the  same  time,  the 
maximum  angular  range  for  reloading  (at  a  —  a*)  is  the  same  as  the  maximum  range 
for  reverse  sliding  (at  a  =  0),  resulting  in  a  closed  unloading-reloading  hysteresis 
loop. 

Also  shown  in  Fig.  5  are  plots  of  (14)  and  (15)  for  selected  values  of  /x  and  xc  (all 
stresses  normalized  to  a*).  For  ft  —  0  [Fig.  5(b)]  the  extreme  in  these  curves  occur 
universally  at  fl  =  fl^io  =  /Jmai  =  45°,  regardless  of  rc.  The  forward  yield  stress 
increases,  and  the  reverse  yield  stress  oy  (^„)  decreases,  with  increasing  tc. 
For  fi  =  0.5  (Fig.  5(c)],  the  angular  extrema  shift  to  lower  fl.  At  the  same  time, 
Gy  ifimin)  increases  and  <r~  (flm„)  decreases  still  further.  The  net  effect  of  increasing 
either  of  the  .friction  parameters  p.  and  tc  is  to  diminish  the  .angular  range  of  crack 
sliding  at  any  given  stress  level. 


98 


B  R.  LAWN  and  D.  B.  MARSHALL 


Generally,  the  limiting  relations  a  =  of  (ft)  and  a  —  ay  (p)  in  (14)  and  (15)  must 
be  solved  numerically  for  /?,  and  p2,  but  two  special  cases  give  explicit  solutions: 

(i)  Zero  cohesion  stress,  xc  =  0,  the  case  considered  by  Walsh  (Walsh,  1965).  We 
obtain 


Pt  =  Q,  Pi  =  arctan(l/p),  .  <  ■  ‘  (21a) 

Pi  =0,  P2  =  arctan[(<r*—.<r)//z(o-*+<r)].  (21b) 

In  this  case,  the  loading  angular  range  pi  to  pi  is  independent  qf  a.  This  stress 
independence,  together  with  the  {iroportional  displacement-stress  relation  at 
xc  —  0  in  (12),  accounts  for  the  linear  loading  stress-strain  curve  through  the 
origin  found  by  Walsh.  The  fact  that  "the  range  pf  to  Pi  diminishes  with 
increasing  ju  also  accounts  for  the  reduced  modulus  relative  tqjthe  uncracked 
body.  Note,  however,  that  the  corresponding  unloading  angular  range  Pi  to 
pi  is  not  independent  of  a,  so  the  unloading  stress-strain  curve  is  necessarily 
nonlinear.  Upon  unloading  to.<r  =  0,  the ‘range  Pi  to  Pi  in  (2"lb)  is  identical 
to  the  range  Pi  to  Pi  in  (21a) — i.e.  all  cracks  which  undergo  forward  sliding 
during  loading  ultimately  restore  at  the  completion  of  the  full  loading  cycle  to 
their  initial  state.  In  this  case  reloading  simply  retraces  the  loading  curve. 

(ii)  Zero  friction  coefficient,  fi  —  0.  In  this  case,  we  obtain 

Pi  =  ;arcsin(2rc/<T),  pi  =  n/i-pt,  (22a) 

Pi  =  iaresin[4Tc/(<r*— <r)],  pi  =  n/2 4/Jf,  (22b) 

where  the  angular  ranges  are  dependent  on  a,  guaranteeing  a  nonlinear  stress- 
strain  curve.  It  follows  that  any  combination  of  nonzero  tc  and  /(  will  always 
result  in  nonlinear  curves.  Note  that  the  range  pi  to  Pi  at  complete  unloading, 
o  =  0  in  (22b),  is  always  less  than  the  range  pi  to  Pi  at  peak  loading,  0  =  a* 
in  (22a),  so  hysteresis  with  residual  displacements  is  general.  In  reloading,  rc  is 
again  replaced  by  2rc  in  (22a). 


4.2  Energy  and  stress-strain  curve :  body  with  aligned  cracks 

Now  consider  a  body  containing  a  density  N  of  non-interacting  cracks  of  uniform 
-size  c,  all  aligned  at  some  fixed  orientation  p.  Then  the  energy  density  W  in  (2)  is 
simply  equal  to  Nw,  with  w  from  (17) : 


W(<r)  = 


( p/E0)gf(P)[<r-ai(p)] 2  „ 

(p/E0)g-m<r7(P)-<r]2 


.(p/E0)g+mo-2of(p)]2 


(loading,  af  <  a  ^  a*), 
(unloading ,  0  <  a  ^ 
(reloading,  2a f  a  -<  a*). 


(23a) 

(23b) 

(23c) 


where  we  define  a  dimensionless  parameter  containing  all  the  configurational  infor¬ 
mation  (size,  shape,  density)  on  the  cracks, 


p  =  QtjNcJ. 


(24) 
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Tte  Lumption  of  fixed  P  in  (23)  leads  to  explicit  expressions  for  the  stress-strain 
curves  from  (3).  Moreover/by  defining  normalized  stress  a\a  and  strains  eEjo 
theTexpressions  take  on  universal. forms.  Then  only  three  parameters  are  needed  o 
n  irihe  the  stress-strain  curve  completely :  t Jo*,  the  normalized  cohesion  stress  ;ju, 
Swon  coefficient  ;-  and  p  the  ^configuration  coefficient  All 
stress-strain  curve  for  the  cracked  body  remain  linear  (cf.  Fig.  4),  with  slopes  as 

££  for  the  passive  (oading-nnloading-reloading  btanches,  nn.  y  a  fo,  the 

reference  uncracked  body) ;  for  the  sliding  branches,  reduced  values  [cf.  (  )]. 


(ij[lf-2pg+(fi)],  (loading,  reloading), 
d(<rlo*)ld(eE0lo*)  —  +  2 pg~  (ft)]  ( unloading ). 


(25a) 

(25b) 


Stress-strain  curves  for  the  special  crack  orientation  p  =  Le- thc  configuration 
of  maximum  degree  of  sliding,  are  plotted  in  Figs  6-8,  for  select^  vataes  of  r>*.  P 
Various  degrees  of  nonlinearity  and  hysteresis  am:  evident  (cf.  Fig.  4  for 

notation) : 

(l)  Effect  of  cohesion  stress.  Figure  6  shows  curves  for  x Jo*  =  0, 0.1, 0.2  and  03 
(  at  I fixed  p  =  0  25  and  p  =  2.  In  these  plots  the  principal  influence  of  xc  is  m  the 

"L  stresses  <  -  ^  and  <tf  -*;<&>■  * ££ - £  ££* 

curve  is  linear  through  the  origin  but  with  diminished  modulns£<  “ 

cracks  within  the  active  (load-invariant)  angular  range  (Sec  ion  3.2)  undergo 
iiS^te  forward  sliding  at  0  The  cracks  initially  unload  a  ong  a 

branch  with  tribdulns  £,  to  of,  corresponding  to  the  onset  of  c»v'r^ 
and  thereafter  along  a  branch  with  even  more  diminished  modulus  ultimately 
returning  to  the  origin.  The  system  therefpre  absorbs  energy  in  each  cycle  u 
leaves  zero  residual  strain.  At  x Jo*  =  0.1,  initial  loading  occurs  with  modulus 
£  to  a  yield  point  <,  and  thereafter  with  reduced  slope  to  cr  Unloading 
again  occurs  along  two  branches;  but  with  a  lower  critical  reverse  sliding  stress 
-  than  at  xjo*  =  0.  The  hysteresis  is  accentuated,  and  the  residual  strain 
IZrJo.  A,  t >*  -  0.2,  ft  is  yet  higher,  but  now  *  <  ft  » J* while 
hysteresis  remains  pronounced,  reverse  sliding  is  suppressed.  At  / 

<  lies  just  below  <r*,  and  the  hysteresis  is  substantially  diming  *  ■ 

(ii)  Effect  Of  friction  coefficient.  Figure  7. shows  curves  for  p  -  0, 

1  '  Zed  T  u*  =  0.1  and  p  =  2.  Here,  the  effect  of  p  is  felt  both  in i  the  cnttca 

stresses  <r+  and  <r~  and  in  the  slopes  of  the  nonlinear  branches.  The  limiting 
case  p  =  0  is  that  of  pure  cohesion-type  friction.  In  contrast  with  t  J ;  case 
0  in  Fig.  6,  a  yield  point<  in  the  loading  half-cycle  (as  well  as  m  the 
loading  half-cycle)  is  apparent,  since  a  threshold  stress  must  now  e  excee 
in  order  for  forward  sliding  to  occur.  Hysteresis  and .T^Lmtic  loop 

manifest  At  «  =  0.5,  increases  and  <ry  decreases,  and  th  y 

..  :  reader  At  p  <  0,  so  the  unloading  is  completely  elastic,  apd 

hysteresis  is  diminished. 
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Strain,  eEJg* 


,....  rffart  nfrrark  density.  Figure  8  shows  curves  for  p  =  0,  l  and  2,  at  fixed 
(Ul  /j4T*  =01  and/r  =  0.25.  Now  it  is  only  the  slopes  of  the  nonlinear  Pf^c^ 
It  are  affected,  with  <  and  invariant.  The  case  j ■  -  0 H.  ^  cor- 

increasing  hysteresis  as  the  number  of  active  sources' increases. 
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Fig.  8. Stress-strain  curves  for  aligned  cracks,  evaluated  from  (3)  and  (23).  Showing  effect  of  crack  density : 
p  =  0,  1  and  2,  at  fixed  t j<r*  ~  0.1  and  p  .=  0.25. 


4.3.  '  Enerijy  and  stress-strain  curve :  body  with  randomly  oriented  cracks 

For  the  same  body  containing  a  density  N  of  non-interacting  cracks  of  uniform 
size  c,  but  now  with  the  cracks  randomly  oriented,  the  energies  in  (7)  and  (17)  must 
be  integrated  over  all  angles  /?;  within  which  sliding  occurs  [Fig.  5(a)] : 
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'  (p/Eo)  f2  ff*(P)  cos  p[o  -<  (P)Y  dp 


{loading,  a*  (Pm,n)  <  ^  ff*l’ 


(p/£0)  P  5'(/J)c°sPK  (^),-ff]2d/J 

W{a)  =  ^  Jur 

(i unloading ,0  <  <r  <  (/?m«)]>  (26b) 

(p/£o)  f2  9+ifi)  cos  /5[<r - 2<  (0)]2  d£ 

Jpf* 

-  [reloading,  2<Ty  (Pmia)  ^  **  ^0*],  (26c) 

with  theangular  ranges  determined  in  Section  4.1. 

As  in  the  previous  subsection,  it  is  convenient  to  introduce  stress  and  strain  nor¬ 
malizations  ho*  and  ££0/ir*.  Substituting  (26)  into  (3),  we  obtain  the  dimensionless 

stress-strain  relations :  ,  , 


'«lo*+pd  |j  2  g+  (fi)  cos  f}[ofd*— a?  (fi)l<r*]2  dfij  j  d(<r/<r*) 

[loading,  Py  (fimm)  <  a  ^  (27a) 


ff/ff*  +p  d  1  f  <T  0)  cos  /?K  0)/<r*  -old* l2  d/?i ./  d{o/o*) 
e£0/<r*  =  <  Ut»r  '  J' 

[unloading,  0  sS  <r  Py  0max)l>  (27b) 

d  [r"  S*(J»  CPS  -K  0»/P*l5  <«*}  j  dWff*> 

[reloading, IrSyiPtmn)  ^  ^ a*l-  (27c) 

Since  the  limits  fi,  and  fi2  are  themselves  functions  of  <r/<r*,  xja*  and  /x  (Section  4.1), 
”t io“  M27)  ace  again  expressive  entire.,  in  terms  of  jus,  three  parameters, 

^Figure  9  shows  a  stress-strain  curve  computed  from  (27)  irsrtig  tjo*  =  01,  ji  =  6,25 

and  p  =  2  for  comparison  with  the  corresponding  plot  for  aligned  cracks  ;(dashe 
Ssf  The  degree  of  quasi-plasticity  is  not  so  pronounced  for  the  randomly  oriented 
cracks,  since  only  the  most  favorably  aligned  cracfcs  will  begin  sliding  at  first  yield.  , 


5.  DISCUSSION  rHr  .  - 

"  In  this  study  we  have  described  a  model  for  a  body  containing  a  distribution  o 
closed^cracks  of  uniform  si^  in  uniaxial  loading -  rWe,  have  presented  a  ^nera 

formalism  for  either  tension  or  compression  loading,  with  provision  or 

tractions  at  the  crack  interface.  Special  attention  has  been  given  to  shear  cracks 


Strain,  zE^ <J* 

Fig.  9.  Stress-strain  curves  for  randomly  oriented  cracks  evaluated  from  (3)  and  (26),  for  tja*  =  0.1, 
H  =  0.25  arid  p  =  2 :  (a)  complete  load-unload-reload  cycle;  (b)  load-unload  cycle,  with  corresponding 
result  for  cracks  aligned  at  p  =  ft+ia  (dashed  lines). 


compression  loading  with  a  crack-surface  friction  law  of  general  form.  The  end  result 
is  a  stress-strain  response  that  is  generally  nonlinear,  with  well-defined  yield  stress 
and  hysteresis  in  the  loading-unloading-reloading  cycle,  as  befits  the  real  behavior  of 
a  wide  range  of  quasi-plastic  (quasi-brittle)  solids.  This  formalism,  expressible  in 
terms  of  friction  and  crack  configuration  (and  ultimately  material  microstructure 
see  below)  parameters,  may  serve  as  a  constitutive  basis  for  analysis  of  damage 
accumulation  in  this  interesting  class  of  solids. 

An  element  of  the  present  analysis  that  warrants  further  comment  is  the  provision 
for  the  existence  of  a  well-defined  macroscopic  yield  stress  in  compression  loading, 
by  virtue  of  inclusion  of  the  cohesion  term  tc  in  the  friction  relation  (10)  (Sections  3 
and  4).  “Yield”  above  some  initially  elastic  region  is  a  distinctive  feature  of  the  stress- 
strain  response  in  traditionally  nonlinear  materials  like  rocks  (Jaeger  and  Cook,  1971) 
and  concretes  (Shah  et.aL,  1995),  especially  in  compression  testing.  More  recently; 
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HheteTtaKMtSw  compression  contact  field  suppresses  classtcal  cone  fracture 
ind u™  1967)  h,  these  ordinarily  brittle  materials.  This  cohesion  term 
(  mfarii  tom  any  one  of  several  mechanisms,  whose  character  might  alter  m 
could  *  cohesive  forces  between  the  erack  walls  (chemical  or  van  der 

S nd£  •  roughness  of  the  crack  walls,  (e*  cleavage  steps,  grain  I boundary 
Sr«)  SSing  h^hamcal  interlocking;  or  frictional  debris  trapptd  between  the 

quasi-plasticity  it  has  been  found  expedient  to wnte  the  loading 
shSSSStioh ,to  die  sliding  region  in  the  empirical  fonn  (Fischer-Crrpps  and 

Lawn,  1996) 

<r  =  Y+<x(eE0  —.Y)  (<r>  Y),  (28) 

.  y  defines  the  yield  stress,  such  that  a  =  l  represents  the  limit  of  full  elasticity 
and  a  =  0  full  plasticity.  Equation  (28)  has  the  same  form 

for  aligned  cracks.  For  cracks  aligned  at  fiL.  comparison  with  (14),  (20a)  and  (25) 
gives 


Y=^(fi^a)=2xch(n), 

a  =  lj[l  +  pk(ji)(2\. 


with  the  friction-dependent  functions 


h(ji)  =  l/[(l  +P2)m  -Ml. 
k(p)  =  [!-—/*/( l+^2)l/2l’ 


(29a) 

(29b) 


(30a) 

(30b) 


XT  th»t  Y-  0  at  t  =0  in  (29a),  confirming  the  necessity  for  xc  to  be  nonzero  in 
der  for  a  yieM  strras  to  exist.  Note  also  that  h(0)  -  1  -  «P)  in  (30).  Finally  note 
mat  for  a  s^M^k  stress  o*  there  exists  an  upper  limit  to  frictional  resismnce 

„  values  that  define  this  limiting  condition  is  plotted  in  big.  1U- 
aI*For  drecase  of  randomly  oriented  cracks,  the  stress-strain  curve  has  a  continuou^y 
vJvmlwtey.nd  the  yield  point.  However,  since  this  variation  is  generally  small 
T'X 9)  wc may  closely  approbate  that  portion  of  the  .trcss^ain  carve  bya 

SSkmdiug  to  ^“effective-'  crack  density  parameter  p'.  [Note  this  does  not 
^  v  Hd  noint  in  (29a)  ]  Table  1  lists  best-fit  ratios  p'/p  for  various  values  of  xja 
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Fig.  10.  Locus  of  xJcf*  and  p.  values  delineating  domains  of  sliding  and  no  sliding  at  crack  surfaces. 


Table  L  Values  of  ratio  p'/p  for  selected 
friction  terms 


p 

Xj<7* 

0 

0.25 

0.5 

1 

0 

0.53 

0.53 

0.51 

0.43 

0.1 

0.50 

0.48 

0.44 

0.32 

0.2 

0.45 

0.41 

0.33 

0.09 

6.3 

0.39 

0.30 

0.10 

— 

Meredith  et  al.,  1991 ;  Wong  et  al.,  1992;  Shah  et  al.,  1995).  In  dense  ceramics,  the 
defects  are  associated  with  weak  interfaces  in  the  microstructure,  so-called  “shear 
faults”  (since  they  are  shear-activated,  exclusively  in  compression  loading)  (Lawn  et 
al.,  1994b;  Fischer-Cripps  and  Lawn,  1996).  These  shear  faults  may  be  twins  [e.g. 
alumina  (Guiberteau  et  al.,  1993,  1994  ;  Wei  and  Lawn,  19 96),  silicon  nitride  (Xu  et 
al.,  1995)],  or  weak  grain  or  interphase  boundaries  [platelet  or  needle  structures,  e.g. 
in-situ  toughened  silicon  carbide  (Padture  and  Lawn,  1994 ;  Padture  and  Lawn,  1995a, 
b), (Silicon  nitride  (Xu  et  al.,  1995),  glass-ceramics  (Cai  et  al.,  1994a,  b),  and  particle- 
reinforced  alumina  composites  (An  et  al.,  1996)]. 

It  is  through, the  crack  configuration  parameter  p  —  CltjNc*  defined  in  (24),  with  its 
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embodiment  of  enact  size  (e)  sKa„ 

anatysk^nwst^dire^ly^wi^^e  ^ 

P'avl  17%  Xmd  is  the  platelet  thickness  and  L  -  e/d  is  the  aspect  ratio.  The 

%a  d  *  AT  if  cracks  per  unit  volume  is  therefore  determined  by  the  volume  fraction 
density  N  of  cracks  per  u  ,  th  t  2 Vc3  =  2  V(Ljn.  Thus  for  a 

of  platelets  Warmly  at  the  expense  of  the  matrix  material 

materia  mw  P  Qt),  the  crack  density  parameter  is  proportional  to 

fhTol^Te  rf  Tor  a  material  in  which  the  platelets  grow  without  increasing 

the  volume  tractio  ,  ,  (y  constant)  [as  is  the  case  in  some  glass- 

»  the  crack  density  parameier  depends 

^Althor^'^n'^ha^c^treated  just  QQi^^modiiy  tine  mrpresSions 

LTrLSn;P'm'(4)m,tleSof<he  orthogonally  applied  notmal  stresses.  For  ^ 
for  <fp  and  in  f  )  uvArmtatic  nressure  p  onto  the  uniaxial  stress  <r  in 

pressures  (Jaeger  and  Cook,  1971;  l 

•=£=S=^«= 

contacts  in  quasi-plastic  ceramics  (Fteher-Crtpps  and  Uwn,  ^  ^ 

1 

OConne  t  •  Arguably,  additional  neighbor-neighbor  (  two 

Hashin,  19«o ,  K.acnanov,  iyy  )  &  separation  between 

otherhand^cor^uter simulations'fo'rvaiious ^  ^urpritingly^Wgh 

with  and  without  interactions  is  <5%  for  densities  up  to  p  =  0.7  (Kachanov  > 
Accordingly,  the  present  analysis  may  provide  satisfactory  approximate 
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densities  of  cracks.  However,  if  in  such  systems  overlap  occurs,  interaction  effects  can 
no  longer  be  neglected. 

The  analysis  also  assumes  that  frictional  sliding  occurs  at  the  crack  surfaces  without 
any  extensile  (“wing”)  cracking  at  the  fault  ends.  Such  extensile  cracking  has  been 
considered  widely  in  quasi-plastic  solids  under  compression  loading,  most  notably  in 
rocks  and  concrete  (Horii  and  Nemat-Nasser,  1985 ;  Ashby  and  Hallam,  1986;  Horii 
and  Nemat-Nasser,  1986 ;  Sammis  and  Ashby,  1986 ;  Nemat-Nasser  and  Obata,  1988 ; 
Kemeny  and  Cook,  1991 ;  Myer  et  al.,  1992  ;  Nemat-Nasser  and  Deng,  1994).  It  has 
also  been  demonstrated  to  occur  in  some  ceramics  at  Hertzian  contacts,  e.g.  in  alumina 
(Guiberteau  et  al.,  1993 ;  Guiberteau  et  al.,  1994;  Wei  and  Lawn,  1996)  and  silicon 
nitride  (Xu  et  al.,  1995).  In  such  cases,  the  fault  dimension  c  increases  progressively 
with  loading,  and  in  some  cases  also  with  unloading  (Padture  and  Lawn,  1995a,  b), 
further  reducing  the  effective  modulus.  Where  interactions  become  important,  this 
can  lead  to  strain  softening,  as  reported  in  the  rock  and  concrete  literature  (Jaeger 
and  Cook,  1971;  Horii  and  Nemat-Nasser,  1985; -Horii  and  Nemat-Nasser,  1986; 
Shah  etal.,  1995). 

Finally,  some  implications  concerning  fatigue  may  be  noted.  We  have  made  an 
issue  of  the  existence  of  hysteresis  in  the  loading-unloading-reloading  cycles  in  Fig. 
4.  The  degree  of  this  hysteresis  is  governed  by  the  friction  parameters  tc  and  p 
(as  well  as  the  crack  configuration  parameter  p)  in  the  stress-strain  formalistn,  as 
demonstrated  in  Figs  6-8.  If  these  friction  parameters  are  reduced  by  cyclic  attrition 
at  the  sliding  crack  surfaces,  the  hysteretic  loop  in  Fig.  4  contracts  along  the  stress 
axis  and  expands  along  the  strain  axis,  increasing  the  system  compliance  and  therefore 
the  degree  of  quasi-plasticity  (Padture  and  Lawn,  1995b) .  Any  accompanying  extensile 
cracking  from  the  ends  of  the  shear  cracks  only  exacerbates  the  effect  (Lawn  et  al. 
1994b).  As  has  been  demonstrated  in  repeat  Hertzian  contacts  in  ceramics,  the  result 
of  such  fatigue  processes  is  a  progressive  damage  accumulation  that  ultimately  results 
in  exaggerated  strength  loss  and  material  removal  (Padture  and  Lawn,  1995a,  b). 
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APPENDIX  A:  CRACK  ENERGY  ANALYSIS  FOR  STRESS-STRAIN 

CURVES  ■  *  .. 

In  the  following  derivation  the  approach  used  by  Budiansky  and  O’Connell  (1976)  to 
calculate  stiffness  changes  in  crack  systems  is  generalized  to  allow  for  the  imposition  of 
nonlinear  crack-surface  tractions.  Figure  A1  depicts  such  a  crack  system  (upper),  with  consti¬ 
tutive  responses  (lower),  during  loading  to  its  final  loaded  state  by  two  routes.  An  expression 
for  the  stress-strain  relation  follows  by  equating  the  changes  in  mechanical  energy  (potential 
energy  of  loading  system  plus  strain  energy  of  body)  in  the  two  routes. 

To  start,  we  restrict  our  consideration  to  just  normal  applied  stresses,  and  leave  inclusion  of 
shear  stresses  until  later.  Consider  first  Route  l  in  Fig.  A l,  where  the  body  with  nonlinear 
crack-surface  tractions  is  loaded  remotely  by  the  applied  stress  a  (0  to  <rA),  with  attendant 
strain  e  (0  to  %).  The  change  in  energy  from  application  of  the  stress  from  zero  to  peak  is 

A<£a  =  —  V<rAsA  T  V  J  ode 

=  —  vj  eda,  (AO 

where  V  is  the  volume  of  the  body. 

Now  consider  Route  2  in  Fig.  A l,  taken  in  two  steps.  In  the  first  step,  restraining  tractions 
are  applied  to  the  crack  surfaces  to  prevent  relative  displacement  of  the  surfaces  as  the  remote 


Fie  A l  Equivalent  stress  states  for  body  containing  crack  with 
6  Shaded  areas  below  indicate  complementary 


nonlinear  tractions  in  normal  loading, 
energies  in  (A3). 


\  a  the  rrack  faces  mav  be  held  open  in  the  absence  of  any  applied 

is  linear  as  shown,  with  change  in  energy 

A<K  =  -V<ril2E0.  •  (A2) 

In  the  second  step  the  restraining  tractions  are  relaxed  by  application  of  opening  tract^“  ^ 
“S-L  (0  to  oj,  allowing  the  crack  opening  displacements  to  tncrease,  thereby 

^'since^the  final  states  in  Routes  1  and  2  in  Fig.  At  ate  identical,  we  may  equate  the  energies 
A<K  and  A  fo-w  (equations  A1  and  A2) : 

•  j"  cd<j  =  a\j2E0  +  wjV.  (A3) 

The  three  terms  in  (A3)  correspond  to  the  complementary  energies  shaded  in  Fig.  Al.  Differ¬ 
entiation  of  (A3)  then  gives 

eA  =  <rJE0  +  (lfV)  dw/d<rA.  (A4) 
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The  energy  release  w  associated  with  the  crack-surface  relaxation  under  the  action  of  the  normal 
applied  stress  <r  is  expressible  in  terms  of  the  averaged  displacement  a : 

f*A 

w  =  2A\  {<rA  —  <r(w)]  dw 

=  2 A  J  [w(<x)  —  w0]  d<r.  (A5) 


(The  factor  2  accounts  for  the  definition  of  u  as  one  half  the  total  crack  surface  separation.) 

If  now  the  crack  is  inclined  at  an  angle  fl  to  the  applied  stress,  as  in  Fig.  1,  the  relaxation 
process  can  be  carried  out  independently  for  the  normal  stress  component  <xfi  and  the  resolved 
shear  stress  component  xfi : 

w  =  2 A  £ J  A ii(<Tp)  dap  -F  J  Av(xfi)  dyj,  (A6) 


with  A u(<rfi)  =  u(<rfi)—&(} 0)  and  Av(xfi)  =  v(xp)  —  v(Q)  normal  and  shear  displacement  changes, 
respectively. 

For  a  body  containing  N  cracks  per  unit  volume,  w  in  (A4)  is  replaced  by  the  sum  over  all 
cracks  contained  in  volume  V.  The  crack  energy  density  is 


NV 

W  =  (\IV)£.wh 

i- 1 

and  (A4)  becomes 

£a  =  <rJEQ+dWld<TK. 


(A7) 


(A8) 


In  the  text  we  drop  the  subscript  A  notation  in  <r,  s  and  «,  on  the  understanding  there  that 
these  quantities  denote  final  states. 


APPENDIX  B :  CRACK  SURFACE  DISPLACEMENTS  FOR  ELLIPTICAL- 

FRONTED  CRACKS 

Consider  an  elliptical  crack  with  semi-axes  c  and  b  parallel  to  the  x  and  y  axes  in  an  infinite, 
homogeneous,  isotropic,  elastic  body.  A  remotely  applied  shear  stress  x  —  xXT  causes  sliding 
displacements  vx.  The  average  displacement  vx  over  the  crack  plane  can  be  found  from  a  simple 
extension  of  an  analysis  given  in  Budiansky  and  O’Conneli  (1976).  They  pointed  out  that  the 
sliding  displacement  can  be  written  as 

2  vx(x,y)  =  B(bc)l/2(  1  —x2/c2  —y2lb2)xl2y  0*1) 

where  B  is  a  dimensionless  constant  (a  result  that  follows  directly  from  Eshelby’s  discovery 
that  a  homogeneous  ellipsoidal  inclusion  under  remote  loading  experiences  uniform  strain  tn 
its  interior) : 

B  =  [4r„(l  —v2)/E0](b/c)in (A:2/[(A:2  —  v)£(A:)  +  v(l  -fc2)K(fc)]},  <B2) 

with  E0  Young’s  modulus  and  v  Poisson’s  ratio,  fc*  =(1  — 62/c2),  and  K(k)  and  E(k)  complete 
elliptical  integrals  of  the  first  and  second  kind : 

fxf  2 

AT(ik)=  (l-A:2sin20)-,/2d0,  (B3a) 
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m 


CKl2 

=  1  (1— fc2sin 


0){{2  d 6. 


(B3b) 


The  average  displacement  is  obtained  by  integration  of  (Bl)  over  die  crack  area  A  -  «hc  : 
vx  =  (l//l)fi>x(x,  y)AA  =(B/3)(6c)1/2 

/  IJF  \  (B4) 

=  (rjcj  Eq)tXZi 

where  we  define  the  ditnensionies,  constant  t,(b,c)  "I^^r  a 

pEd  in  Fig-  Bl,  for  selected  values  of  »  For  a  penny  crack  (6/c  -  D,  1  + 

-bibary 

the  formulation  requires  tensor  equivalents. 
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11 .0  Analysis  of  Debonding  at  Interface  Cusps 

The  following  is  a  summary  of  a  paper  in  preparation  for  publication  in  the  Journal  of  the 
American  Ceramic  Society,  by  M.  He  and  D.  B.  Marshall 

Polycrystalline  LaP04  coatings  on  single  crystal  fibers  (sapphire  and  mullite)  form  cusps  where 
the  grain  boundaries  in  the  monazite  intersect  the  fiber  surface,  by  an  interface  diffusion 
process  analogous  to  the  surface  diffusion  that  forms  grain  boundary  grooves  on  free  surfaces 
of  polycrystalline  bodies.  Atomic  force  microscopy  measurements  have  shown  that  the 
interfacial  debond  crack  follows  the  interface  faithfully  along  these  cusps  without  deviating 
into  the  coating  (Fig.  1). 


Fig.  1.  Atomic  force  microscope  images  of  matching  regions  of  fractured  interface  of  LaPO 4  and  AI2O3 
(sapphire):  (a)  LaPO 4  surface  showing  grain  boundary  grooves;  (b)  sapphire  surface  showing  cusps 
corresponding  to  the  grooves  in  (a)  (From  Marshall,  Waldrop  and  Morgan,  Acta  Mater.  48(2000)4471-74) 
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An  analysis  was  carried  out  to  define  the  range  of  interface  toughnesses  that  would  allow 
continued  debonding  at  the  tip  of  the  cusp.  This  involved  using  finite  element  analysis  to 
calculate  the  strain  energy  release  rates  Gd  and  Gp  for  a  crack  with  its  tip  located  initially  at  the 
tip  of  a  cusp  (Fig.  2(a))  then  extending  along  the  paths  shown  in  Fig.  2(b).  For  the  crack  that 
deflects  into  the  coating,  the  energy  release  rate,  Gp,  was  calculated  as  a  function  of  the 
deflection  angle  to,:  the  favored  path  is  given  by  the  value  of  0)j,  for  which  Gp  is  maximum 
(Gp"”).  The  condition  for  debonding  is  then  obtained  by  comparing  the  ratio  GJGpmax  with  the 
ratio  of  the  corresponding  fracture  toughnesses  F  and  Tp  of  the  interface  and  the  coating: 
debonding  occurs  if 


ITT  <  G,/G n' 

i  p  dp 


The  critical  condition  is  shown  in  Fig.  2(c),  plotted  as  a  function  of  the  elastic  mismatch 
parameter,  a,  for  various  values  of  the  mode  mix,  *F,  of  the  remote  loading.  Also  shown  is  the 
well-known  debond  condition  of  He  and  Hutchinson  for  a  crack  at  normal  incidence  to  the 
interface,  as  well  as  measured  values  of  the  ratio  r/Tp  for  the  alumina-monazite  system.  The 
resulting  predictions  for  this  system  are  consistent  with  observations:  the  debond  condition  is 
satisfied  for  a  crack  growing  at  normal  incidence  from  monazite  to  alumina  and  for  a  crack 
growing  along  the  interface  (close  to  mode  II  loading,  *F  =  -  n/2)  at  the  tip  of  a  cusp,  but  not 
for  a  crack  growing  from  alumina  to  monazite  at  normal  incidence  to  the  interface. 
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Fig.  2  (a)  Crack  geometry  leading  to  debonding  as  in  Fig.  1 
(b)  Crack  tip  geometry  for  debonding  analysis. 

(b)  Critical  condition  for  debonding  for  cusps  with  dihedral  angle  8  =  150%  for  various  values  of  mode 
mixity,  XF. 
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12.0  Processing  and  Hardness  of  Single  Crystal  AI2O3  Films  Containing  Nano 
Zr02  Inclusions  Produced  by  Chemical  Solution  Deposition 


by  McNally,  F.  Lange,  F.  F.  and  Marshall,  D.  B. 


The  following  section  is  a  paper  published  in  Phys.  Stat.  Sol.  (a)  166  231  (1998)  -  Most  of  the 
work  was  supported  at  UCSB  by  contract  F49620-96- 1-003  (Prof.  F.  F.  Lange);  collaboration  at 
Rockwell  was  supported  by  this  contract. 
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Single  crystal,  — ^ 

pared  from  these  precursors  y  spray  pyr  y  ^  an  amorphous  inorganic  to  y-Al203  to 

firmed  the  expected  non^U^  Zr02.  Cross-sectional  TEM  of  the  films  com 

V-AI9O3  4  tetragonal  Zr02  to  a-AL2U3  +  t  g  v  i  tetragonal  Zr02  inclusions 

“  - 2' - 

the  room  temperature  hardness  e.  —»- 


1.  Introduction 

searchers  have  shown  this  processing  route  can  be  used  to  co^rainedj 

semblies  at  low  homologous  temperatures  where  c^st^mn  . 

resulting  in  the  formation  of  nonequiLbnum  phases  that  can  lead 

‘ThfcriaUisation  of  compositions  in  the  Zurich  portron  of  the  «MW. 
from  solution  precursors  has  been  studied  by  Balmer  et  al.  [  ]•  y  ’  °C  as  a 

«  to  i  mo.%  AW,,  that  the 

TtaSlahle|? Slta^2Wmol%M  oTffigher  temperature  heat  treatmeut  leads  to  the 

talline  phase  into  Zr02  with  reduced  Freatment  temperature  further  caused 

with  Zr  in  solid  solution.  Increasing  the  heat  treatment  tempera 
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the  Y-AI2O3  to  transform  to  a-Al203,  with  additional  partitioning  of  Zr02.  Because  of 
the  low  concentration  of  nuclei,  the  a-Al203  grains  grew  very  large  to  encompass  many 
of  the  much  smaller  Zr02  inclusions,  which  appeared  to  be  segregated  into  linear  arrays 

PI- 

Precursor  processing  lends  itself  to  the  production  of  films  and  can  produce  micro¬ 
structure  not  readily  achieved  in  processing  of  large  bodies.  Since  nanoindentation  al¬ 
lows  the  mechanical  properties  of  thin  films  to  be  probed,  it  permits  the  examination  of 
these  unusual  assemblages.  Thus,  the  combination  of  precursor  processing  with  nanoin¬ 
dentation  makes  possible  the  exploration  of  structure-property  relations  outside  of  the 
bounds  of  conventional  ceramic  microstructures. 

In  this  study,  we  report  the  formation  of  single  crystal  A1203  films  that  contain  Zr02 
inclusions,  from  Al203-rich  composition  in  the  Zr02-Al203  system.  The  hardnesses  of 
these  novel  nano-composite  films  on  sapphire  substrates  will  be  reported. 

2.  Experimental  Procedure 

Precursor  solutions  were  prepared  by  mixing  stock  solutions  of  aqueous  aluminium  ni¬ 
trate  and  zirconium  acetate,  assayed  to  contain  the  equivalent  of  4.4  and  22  wt%  of  the 
two  oxides,  respectively.  Mixtures  were  prepared  to  yield,  after  heat  treatment,  a-Al203 
containing  0,  0.02,  0.05,  and  0.15  volume  fractions  of  Zr02. 

Powders  for  phase  and  microstructural  evolution  studies  were  prepared  by  atomizing 
the  precursor  onto  a  Teflon  coated  aluminum  sheet  at  250  °C.  Spray  pyrolysis  was  used 
to  avoid  crystallization  of  aluminum  nitrate  during  solvent  evaporation.  Electron  and 
X-ray  diffraction  confirmed  the  amorphous  nature  of  this  powder.  These  powders  were 
heat  treated  for  1  h  in  Pt  crucibles  in  air  to  temperatures  between  700  and  1400  °C. 
Heat  treatments,  except  where  noted,  were  carried  out  with  a  heating  rate  of  10  K/min. 
Other  specimens  were  “upquenched”,  i.e.  inserted  to  a  furnace  already  at  the  treatment 
temperature.  Powder  specimens  were  prepared  for  transmission  electron  microscopy 
(TEM)  by  grinding,  with  a  mortar  and  pestle,  then  dispersing  the  powder  in  ethanol 
and  placing  a  drop  of  the  suspension  onto  a  carbon  coated  Cu  grid;  many  of  the  parti¬ 
cles  were  electron  transparent.  The  sizes  of  zirconia  inclusions  within  the  particles  were 
directly  measured  on  TEM  images  using  the  average  of  two  orthogonal  major  chords  for 
each  inclusion  observed  (^24  inclusions  within  an  area  of  ^23000  nm2). 

Films  were  produced  by  spin  coating  with  the  precursors  described  above  at  5000  rpm 
for  30  s  (Headway  Research,  Inc.)  on  a  basal  plane  0t-Al2O3  substrate  (Crystal  and  Coat¬ 
ing  Tech.,  Inc.  and  Materials  Tech.  Int.,  Inc.)  previously  heat  treated  at  1400  °C.  The 
substrate  and  film  was  then  heated  at  700  °C  for  5  min.  This  process  was  repeated  until 
the  substrate  was  coated  10  times,  after  which  it  was  heat  treated  to  1200  °C  for  1  h. 
Multiple  spin  coatings  of  the  precursor  solution,  each  coating  heated  to  300  °C  before 
the  next,  produced  films  that  contained  cracks  after  2  to  3  coats.  It  was  observed  that 
such  cracking  could  be  avoided  by  heating  to  700  °C  between  each  coating;  films  with 
10  coats  could  be  formed  crack  free. 

To  prepare  cross  section  foils  for  TEM,  samples  were  cut  in  half  in  cross-section, 
bonded  to  form  a  substrate/film/glue/film/substrate  structure,  and  cut  again  to  obtain 
an  approximately  300  (xm  slice  of  this  sandwich  structure.  These  slices  were  thinned 
using  a  tripod  polisher  (Allied  High  Tech  Products,  Inc.)  to  form  a  shallow  wedge  wherein 
the  film  region  could  easily  be  made  electron  transparent  by  ion  milling. 
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Surface  toughness  of  hlms  was  assessed  by  tapping  mode  atomic  force  microcopy 

(AFM)  (Nanoscope  HI a  Nanoindentet®  (Nano  Ios.ru- 
The  hardnesses  of  the  films  ,  ,  nvramid  indenter,  in  which  the  angle 

merits,  Inc.)  equipped  with  t  ree-si  1  the  base  is  65  3°.  The  indenter  is  attached 

between  the  pyramid  sides  and  the  norma  with  a  three  plate  capacitive 

to  a  rod  and  can  achieve  a  S^v^l  current  through  a  coil 

sensor.  During  an  experiment  load  >s  ^  he  appUed  with  a  resolu- 

esqperimenls,.'wli^»  load  versus  displacement  w^ 

or  l0g.  These  maximum  Load.  Un¬ 
corded  during  »  determination  is  not  based  on  imaging  and  mea- 

like  conventional  techmqu  ,  rpmftVal  (which  can  lead  to  overestimates  of 

hardness  due  to  elastic  reco  y)  throughout  the  indentation.  (Conversion 

mined  from  load-  tap knowledge  of  indenter  geometry  and  elastic  compli- 

- — — - ■*“ 

pi- 

3.  Results 

3  t  Phase  selection  and  microstructwral  development 
Phases  identified  by  X-ray 

taining  0.15  volume  ^actl^  2h  results  indicate  that  the  first  crystalline  phase 
and  1400  °C  are  listed  in  Table  1.  T  if^  b  electron  diffraction  owing  to 

to  form  was  Y-alumina  which  couM  only  phase,  indicating  that 

its  fine  grain  size.  A  >  _  mDerature.  The  transformation  of  y-  to  a-alu 

partitioning  occurs  at,  or  prior  ,  ,  1200  C/1  h  but  appeared  to  be  com- 

mina  was  incomplete  aftpr  a  ea  tea  men  ^  ^  <ylb  Further,  after  heat  treat- 
Dlete  after  heat  treatment  at  either  1300  C/1  h  or  14UU  / 


Summary  of  diffraction  results  (am  amorphous,  y  y-MiQz,  «  cub  Zr°2(c)’  ^ 

ZrOo(t\  and  mon  Zr^2(m))  •  - - 

temperature  (°C) 

XRD 
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Fig.  1.  TEM  micrographs  of  Al203-Zr02 
powders,  containing  15  vol%  Zr02,  heat 
treated  for  1  h  a)  1100,  b)  1200,  and  c) 
1300  °C 


merit  at  either  1300  or  1400  °C,  some 
of  the  Zr02  inclusions  transformed 
during  cooling  from  tetragonal  to  the 
monoclinic  structure. 

TEM  micrographs  of  powders  heat 
treated  for  1  h  at  1100,  1200,  and 
1300  °C  are  shown  in  Fig.  la,  b,  and 
c,  respectively.  After  1  h  at  1100  °C 
the  material  consisted  of  two  phases, 
fine  (<5  nm)  zirconia  particles  in  a 
matrix  of  similarly  fine  grained  y -alu- 
mina.  In  the  TEM  micrographs,  the 
zirconia  generally  appears  darker  ow¬ 
ing  to  its  higher  atomic  weight.  TEM 
observations  confirmed  XRD  results 
showing  the  initiation  of  the  y-to-a 
transformation  at  1200  °G/1  h.  A  par¬ 
tially  transformed  particle  is  shown  in 
Fig.  lb.  SAD,  shown  in  the  inset,  re¬ 
veals  the  presence  of  polycrystalline 
y-alumina  and  tetragonal  zirconia 
along  with  at  least  one  large  a-alumi- 
na  grain.  The  particle,  heat  treated 
at  1300  °C/1  h,  shown  in  Fig.  lc  was 
identified  by  SAD  as  a  single  a-alu- 
mina  crystal  containing  zirconia  in¬ 
clusions  and  porosity.  Monoclinic  zir¬ 
conia  inclusions  can  be  identified  in 
this  micrograph  by  their  lenticular 
twin  bands  produced  during  the  con¬ 
strained  tetragonal-to-monoclinic 

phase  transformation  during  cooling. 
Fig.  2  shows  that  the  mean  and 
width  of  the  Zr02  inclusion  size  dis¬ 


tribution  increases  with  heat  treat¬ 
ment  period  and  temperature. 

TEM  micrographs  of  cross  sections  of  thin  films  produced  with  2,  5,  and  15  volume 
fractions  of  Zr02  inclusions,  all  heat  treated  at  1200  °C/1  h,  are  shown  in  Figs.  3  a  to  c. 
The  inclusions  are  randomly  distributed,  roughly  spherical,  and  approximately  20  nm  in 
diameter.  It  should  be  noted  that  the  volume  fractions  of  Zr02  inclusions  appear  larger 
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the  percentage  of  inclusions  smaller  than  a  given  diameter 

than  mentioned  above  because  the  ctoss  section  thicknesses  ate  several  times  the  inclu- 
Seter.  In  addition,  the  appearance  that  the  volume  fractionot  meins, ons  flower 
f  fhp  films  is  due  to  the  wedge  shape  of  the  films  produced  during 

1  Ko  J  nn  the  hexagonal  unit  cell),  shows  that  the  a-Al20:$  portion  of  the  film  and 
the  substrate  trave  l  y  ^  ^  obtained.  The  diffraction  pattern  also  contains 

<<S 

wieXs  observed;  these  could  be  distinguished  from  inclusions  by  the  prince of  Frm- 
ITfHnL  imaging  slightly  out  of  focus.  Also,  in  films  heat  treated  to  1200  C/1  h,  the 
"ton  AUO,  transformation  appeats  to  be  complete,  unlike  in  powders  where  the  tram- 

formation  is  incomplete  after  this  heat  treatment-  ■ 

AFM  examination  of  film  specimens  revealed  surface  featmes  as  arge^  ^  ^  ^ 
in  height  with  local  maxima  (high  points)  separated  m-pbi  ^  ,  t  8nm 

mean  square  (RMS)  values  for  deviation  from  the  average  film  height  wer  ■ 

measured  over  in-plane  distances  of  10  pm.  The  sapphire  substrates  however,  ave 
“to  be  an  order  of  magnitude  smeother  (Unseat  feature  he«ht  m2  »m  and  RMS 

roughness  0-5  nm  14])- 

3.2  Hardness  studies 

Films  of  150  to  200  nm  thickness,  formed  by  10  sequential  coating/ pyrolysis  step^  ^ 
hlTtrlti  at  1200  °C/1  h,  were  used  to  determine  the  effect  of  inclusions  on  hardness. 
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Fig.  3.  TEM  micrographs  of  cross  sections  of  thin  films  heat  treated  at  L200  °C/1  h  produced  with 
a)  2,  b)  5,  and  c)  15  vol%  of  ZrC>2  inclusions.  Film  and  substrate  location  is  indicated  in  a),  d)  SAD 
with  [1210]  zone  axis  of  the  15  vol%  film  confirms  the  homoepitaxial  nature  of  the  film;  the  diffrac¬ 
tion  area  is  shown  in  the  inset 


Nanoindentations  made  with  loads  1  to  10  g  produced  clean,  pyramidal  impressions, 
with  no  evidence  of  cracks.  Maximum  penetration  depths  of  approximately  100,  275, 
and  350  nm  were  achieved  for  loads  of  1,  5,  and  10  g,  respectively,  for  all  specimens, 
regardless  of  the  volume  fraction  of  Zr02  inclusions.  Large  data  scatter  was  obtained 
using  a  peak  load  of  1  g,  relative  to  data  collected  at  5  and  10  g  peak  loads.  Hardnesses 
of  a  sapphire  substrate  and  films  containing  the  different  volumen  fractions  (0,  2,  5,  and 
15%)  of  Zr02  inclusions  are  compared  in  Fig.  4  a  to  e  for  indentations  with  peak  loads  of 
5  g.  This  load  provided  shallower  indentations  than  10  g  loads  and  therefore  these  in¬ 
dents  are  more  sensitive  to  film  properties.  Each  curve,  five  on  each  plot,  corresponds  to 


237 


Processing  and  Hardness  of  Single  Crystal  Al2Q3  Films 


cd 

CU 

o 


4) 

•§ 

cd 


cd 

OU 

o 


<u 

C3 

1 


cd 

cu 

O 


<i> 

c 

1 

Ed 


111  -T~T 

'  ■  1  '~T 

»  ■  1  1  T 

;appf 

— i— i  i  r 

lire  i 

■  ■  * '  i  ■  ■ ' ' 

substrate 

^=2 

. 

j  i  M  i- 

iii«  i. 

i .  i .  * 

i  .  i  .  i 

1  ,  JL 

Depth  (run) 


■ » ■ « "n1 

■  '  ’  *  "rT 

■»  ■  ■  «  \*  1  ■  1  \  1  '  1  'T 

2  vol%  ZrO 

:  j  2 

film 

■ 

— ./ — 

_ _ 

” - - - 

i  _ — 

i  .  .  .  i- 

i  i  i  ■  A— * — 

i . .  i  ■ 

c ; 

til*  * ... 

Depth  (nm) 


cd 

CU 

o 


<L> 

a 

ad 


■  1  1  nr 

'  ’  '  ’  1  '  1  ‘  1  T 

-T-r-r-r-T 

sappl 

i 

lire  film 

- 

; 

— ~ 

i.Mii.ii-i- 

L_^_ 

b 

Depth  (am) 


1  1  ’  1  T 

■’  ’  4  ’T 

15  voi%  \ 

*  •  1  • 

ZrO 

2 

film 

- 

7~  r- — ^ 

_ _ 

y 

}  i  i  i-»- 

i 

i  .  «  *  i- 

i  i  i  i  » 

e 

Fig-  4-  Hardnesses  measured  with  5  g  peak  load 
nanoindentations  on  a  sapphire  substrate  and 

Al203“Zr02  film  samples  with  0,  2,  5,  and 
15  vol%  Zr02 


Depth  (nm) 


•  i*  indentation  experiment.  The  data  show  a  broad  maximum;  hardness  rises  to  a 
then  gradually  decreases  with  increasing  penetration 
deoth  of  150  nm,  the  uncoated  substrate  has  an  average  hardness  of  30  GPa.  ihe  epita 
S  thin  film  without  Zr02  inclusions,  i.e.  a  sapphire  him,  has  a  lower  average  value  of 
25  GPa  at  the  same  depth.  The  hardnesses  of  epitaxial  films  are  unchanged  wi  m 
sensitivity  of  the  nanoindentation  measurements  by  the  addition  of  Zr  2. 

4.  Discussion 

4.1  Development  of  the  two-phase-epitaxial  film 

rpi  observation  of  crystallization  of  a  single  phase,  Y-Al2°3>  the  partitioning  of  Zr02 
I  the  transformation  of  the  y-  to  a-A.,0,  with  inching  tempera- 
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ture  is  typical  for  the  evolution  for  materials  synthesized  from  chemical  solutions.  This 
sequence  results  because  precursors  pyrolyze  at  low  temperatures  where  insufficient  dif¬ 
fusion  occurs  to  allow  atoms  to  rearrange  over  long  distances  and  form  the  equilibrium 
assemblage  of  phases.  Instead,  the  pyrolyzed  precursor  forms  metastable  structures  that 
tolerate  more  defects,  and  metastable  phases  with  extended  solid  solubility.  We  observe 
the  crystallization  of  a  metastable  solid  solution  phase,  y-Al203  containing  0.17  mole 
fraction  (equivalent  of  0.15  volume  fraction)  of  Zr02.  Similar  observations  have  been 
made  for  nearly  identical  compositions  formed  by  rapid  solidification  [5].  Higher  tem¬ 
perature  heat  treatment  provides  the  atomic  mobility  for  the  long-range  diffusion  neces¬ 
sary  for  partitioning,  leading  to  the  nucleation  and  growth  of  Zr02  as  a  second  phase.  It 
is  not  clear  from  our  TEM  and  XRD  studies  whether  this  zirconia  is  cubic  or  tetragonal 
for  treatment  temperatures  below  1200  °C,  because  of  line  broadening  due  to  the  small 
grain  size.  At  1200  °C/1  h,  y -Al203  transforms  to  a-Al203  and  it  is  presumed  that  further 
expulsion  of  Zr02  occurs  because  of  the  lower  solubility  of  zirconia  in  the  a-alumina  phase. 
Since  this  transformation  is  complete  in  thin-film  specimens,  but  not  in  similarly  treated 
powders,  we  conclude  that  the  substrate  provides  a  nucleation  site.  The  lower  tempera¬ 
ture  y-  to  a-Al203  transformation  in  films  likely  causes  the  smaller  mean  inclusion  size 
in  films  (20  nm)  than  in  powders  (50  nm)  after  the  same  heat  treatment  (1200  °C/1  h), 
since  the  diffusivity  of  Zr02  is  lower  in  a-Al203  than  in  y-A1203.  Upon  cooling  to  room 
temperature  from  1200  °C  these  inclusions,  owing  to  their  small  size  [6],  remain  tetrago¬ 
nal  rather  than  transforming  to  the  monoclinic  phase.  Only  upon  further  heating,  which 
allows  the  Zr02  inclusions  to  coarsen,  they  transform  to  the  monoclinic  phase  during 
cooling. 

The  inclusion  of  zirconia  grains  within  the  a-alumina  grains  and  within  the  epitaxial 
A1203  occurs  during  the  y  to  a  transformation.  This  entrapment  results  when  a  small 
number  of  a  nuclei  grow  and  the  relatively  immobile  zirconia  can  neither  pin,  nor  move 
with,  the  advancing  boundaries.  Porosity  appears  to  be  entrapped  by  the  same  phenom¬ 
enon.  Entrapment  of  porosity  by  such  a  process  was  previously  observed  [7]  for  the 
epitaxy  of  PbTi03  on  SrTi03  (both  pero vskites) ,  where  the  first  phase  formed  during 
the  crystallization  of  PbTi03  was  not  a  perovskite,  but  a  metastable  fluorite.  In  both  of 
these  systems,  the  free  energy  change  that  drives  the  epitaxial  growth  is  not  only  the 
free  energy  decrease  due  to  the  elimination  of  grain  boundaries  in  the  polycrystalline 
thin  film,  but  also  the  free  energy  reduction  of  a  phase  traasformation.  Thus,  the  driving 
forces  for  epitaxy  are  larger  than  in  systems  not  involving  a  phase  traasformation,  and 
inclusions  and  pores  should  be  less  effective  in  hindering  the  epitaxy  process. 


4.2  Hardness 

The  1  g  loads  were  found  not  to  give  reproducible  results.  This  is  expected  since  the 
shallow  indents  barely  extend  past  depths  generally  considered  unreliable  due  to  prob¬ 
lems  with  indenter  tip  imperfection  and  surface  roughness.  For  these  reasons,  data  for 
depths  <30  nm  was  not  considered.  The  initial  portion  of  each  of  the  hardness/penetra- 
tion  curves  consists  of  a  broad  maximum  and  hardness  gradually  decreases  with  increas¬ 
ing  penetration.  The  presence  of  higher  hardness  values  for  shallow  depths  is  a  common 
observation  which  has  been  the  subject  of  much  debate  [8  to  11].  Less  typical  and  appar¬ 
ently  peculiar  to  depth  sensing  techniques  is  the  observation  of  initially  low  hardness 
values  [10  to  12].  In  our  measurements,  this  could  be  due  to  surface  roughness.  For  the 
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purpose  of  comparing  film  hardness  we  have  chosen  the  values  at  150  nm  depth,  which 
generally  lies  beyond  the  maximum,  in  the  region  of  gradual  decrease.  Since  the  depth  of 
the  plastic  zone  associated  with  the  indentation  should  extend  approximately  three 
times  the  penetration  depth  [13],  these  hardness  values  reflect  the  hardnesses  of  both  the 
film  and  substrate.  Methods  for  extracting  film  hardness  have  been  proposed  by  a  num¬ 
ber  of  workers  (11,  14]  but  generally  depend  on  an  assumed  knowledge  of  substrate  and 
interface  properties  and  were  not  deemed  necessary  to  this  investigation. 

The  purpose  of  the  nanoindentation  experiments  was  to  examine  any  differences  in 
hardness  of  the  epitaxial  films  and  sapphire  substrates.  The  hardness  data,  in  Fig.  4a, 
for  the  sapphire  substrates  agree  well  with  data  reported  elsewhere  [10].  The  hardnesses 
of  films  with  or  without  Zr02  inclusions  were  found  to  be  « 17%  lower.  These  films  were 
more  variable  as  well.  These  observed  differences  (lower  magnitude  and  greater  variab¬ 
ility  in  the  films)  appear  to  be  accounted  for  by  the  effects  of  surface  roughness  rather 
than  variations  in  the  intrinsic  properties  of  the  films.  Roughness  may  be  viewed  as  a 
surface  layer  of  lower  hardness  than  the  underlying  material,  since  material  m  such  a 
layer  is  not  fully  constrained.  If  this  hardness  is  negligibly  small,  the  roughness  effec¬ 
tively  causes  an  overestimate  of  the  penetration  depth  h  of  the  mdenter  by  an  amount 
equal  to  the  layer  thickness.  Since  the  measured  hardness  is  inversely  proportional  to  ft  , 
the  hardness  is  underestimated.  For  the  films  with  a  rough  layer  of  10  to  20  nm  thick¬ 
ness  this  underestimate  is  «13  to  25%  at  the  indentation  depth  of  150  nm.  In  contrast, 
the  surface  roughness  on  the  uncoated  substrates,  which  is  an  order  of  magnitude  small¬ 
er  has  a  negligible  effect  on  the  measured  hardness. 

The  presence  of  Zr02  inclusions  might  be  expected  to  affect  the  hardness  of  fi  ms  y 
pinning  dislocations.  An  upper  bound  estimate  of  the  hardness  increase  due  to  the  mec  - 
anism  may  be  obtained  from  the  increase  in  yield  stress,  Ar„,  given  by  [15] 

Ary  =  Gbf  (L  —  2r) ,  (1) 

where  G  is  the  shear  modulus  of  A1203  (»150  GPa),  b  is  the  absolute  value  of  Burgers 
vector  of  the  relevant  slip  plane,  L  is  the  inclusion  spacing,  r  is  the  inclusion  radius  /  is 
the  volume  fraction  of  inclusions,  and  L  =  4r/3 /.  If  we  assume  slip  on  the  basal  plane, 
where  b -=  0.476  nm,  the  increases  in  yield  stress  obtained  from  Eq.  (1)  are  0.  , 

0.28  GPa,  and  1.0  GPa  for  volume  fractions  of  inclusions  of  0.02,  0.05,  and  0.15,  respec¬ 
tively  So’  following  the  analysis  for  Johnson  [16]  for  sapphire’s  ratio  of  Young’s  modulus/ 
yield  stress  («40)  then  hardness  is  <2ry  and  we  should  expect  a  maximum  hardening 
effect  of  <  2  GPa.  Since  the  measured  values  of  the  sapphire  substrate  were  more  t  an 
ten  times  this  increment,  the  Zr02  inclusions  should  have  little  effect  on  the  hardness  o 
the  thin  films  at  room  temperature.  Further,  the  variability  in  our  samples  makes  detec¬ 
tion  of  this  small  effect  unlikely. 


5.  Conclusions 

Single  crystal  homoepitaxial  a-alumina  films  containing  nanosize  Zr02  inclusions  can  be 
produced  by  the  chemical  solution  deposition  method.  Cross  section  TEM  con  l_rm®  e 
homoepitaxy  of  the  matrix  and  the  random  spatial  distribution  of  inclusions  of  «20  nm 
in  diameter.  These  films,  as  well  as  similarly  derived  powders,  follow  a  phase  evo  u  ion 
path  consistent  with  the  principles  of  kinetically  limited  crystallization.  XRD  an 
confirm  the  following  sequence  of  non-equilibrium  phase  evolution:  1.  amorphous  inor- 
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game;  2.  y-alumina;  3.  y-alumina  -F  tetragonal  zirconia;  4.  a-alumina  4-  tetragonal  zirco¬ 
nia  Nanoindentation  studies  show  that  these  inclusions  do  not  significantly  affect  the 
room  temperature  hardness  of  alumina. 
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